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PREFACE 

A symposium on ‘Thermal Analysis of High Polymers,” sponsored by the 
Polymer Chemistry Division, was held during the 145th national meeting 
of the American Chemical Society in New York City in September 1963. 
This volume contains almost all the papers presented at the symposium. 

Serious efforts to apply thermal analytical methods to polymer studies 
began only a few years ago. The growth of interest in this field is shown by 
the increasing number of publications concerning polymer applications and 
development of new and more sophisticated instruments. To assure a 
more complete coverage of thermal analytical techniques and applications 
concerning high polymers, this symposium was planned to include reports 
of work done in many laboratories. Thus, this volume represents a cross- 
sectional view of current developments, which may, perhaps, point to 
some trends for the immediate future. 

The editor thanks the many investigators both from this country and 
from abroad for their active participation in the symposium. It is hoped 
that this volume will serve not only as a written record of the symposium 
but also as a valuable aid to all investigators interested in this expanding 
field. 

Bacon Ke 
Charles F. Kettering Research Laboratory 
Yellow Springs, Ohio 
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Differential Thermal Analysis of Synthetic Fibers 


ROBERT FF. SCHWENKER, JR., and ROBERT Kk. ZUCCARELLO, 
Textile Research Institute, Princeton, New Jersey 


Synopsis 

The application of differential thermal analysis (DTA) for the characterization and the 
investigation of the thermal degradation of synthetic textile fibers, to include polyester, 
nylon 6, propropylene, and polytetrafluoroethylene fibers, has been studied. The tem 
perature range was from 50 to 650°C. using laboratory-built DTA apparatus. Experi- 
mental considerations and techniques are discussed and such variables as sample prep- 
aration, size, cell packing, atmosphere control, and heating rate have been investigated. 
The conventional technique of grinding or milling DTA samples is shown to cause sig- 
nificant changes in certain samples, particularly in undrawn fibers. The control of 
sample atmosphere by dynamic gas flow through the sample cell gave peaks that were 
generally sharper and larger than those found when control was by gas diffusion. Data 
are given on the various low temperature transitions found in such fibers. Significant 
differences in low temperature transitions were observed between polyvropylene fiber 
and the bulk polymer as well as between drawn and undrawn nylon 6 fibers. ‘The inter- 
pretation of the DTA curves for the decomposition and other reactions at elevated tem- 
peratures is discussed. Nylon 6 and polypropylene showed only endothermic reactions 
indicative of depolymerization processes whereas other fibers showed both endothermic 
and exothermic reactions in the decomposition range. 


Differential thermal analysis (DTA) is a dynamic method whereby the 
phase transitions and chemical transformations that occur during the 
heating of a polymeric or other material may be detected. Earlier work'~‘ 
in these laboratories demonstrated the potential applications of DTA 
for the identification, characterization, and thermal degradation studies of 
textile fibers. In the case of synthetic textile materials the detectable 
thermal changes include the glass transition, crystallization, fusion, 
moisture desorption, and irreversible reactions and thermal degradation 
processes.2°~* The application of DTA in studying textile materials is 
of such recent date that standards for experimental techniques and in- 
strumentation have not yet been established. Therefore, in this paper 
consideration is given to (/) instrumentation, (2) experimental techniques, 
(3) changes caused by certain fiber processing steps, and (4) high tem- 
perature reactions involving polymer decomposition. 


Experimental 
Apparatus 


Two different DTA units, built in the laboratory, were used in the work. 
One apparatus featured atmosphere control by diffusion into and out of the 
l 
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Fig. 1. DTA sample holder: (a) top view; (6) cross section view. 


sample holder cells and its design was based on instrumentation described 
by Gordon and Campbell.” A metal sample holder fitted with thermo- 
couples, is suspended in the ceramic core of a standard combustion furnace 
from a rod attached to a metal plate. With the holder in position the 
metal plate rests on the top of the vertically positioned furnace completely 
covering the opening but the furnace tube remains open at the bottom. 
The sample holder, made of a nickel-chrome alloy (Inconel X), is shown in 
ligure 1. Chromel-alumel thermocouples of 28 gage wire are introduced 
through the base of the holder and cemented in a fixed position. The emf 
representing the temperature difference is amplified by a L & N de am- 
plifier No. 9835-B. ‘Temperature was measured in the reference substance, 
calcined alumina (a-Al,O ), in a separate well and the rate control thermo- 
couple was located in the outer wall of the sample holder. The signals for 
the differential temperature and the reference temperature were recorded 
on time-base chart recorders using either two 10 in. single pen recorders or 
a double pen, X,Xe, recorder (Leeds and Northrup instruments). The 
rate of heating was controlled by a cam-operated temperature programmer 
(West Instrument Co.) or by a solid state temperature programmer (I° & M 
Model 240 Programmer). 

The atmosphere is controlled by discharging the desired gas or gases 
under pressure into the opeu end of the furnace at flow rates of 3,060 to 
6,000 cce./min. via a metal coil gas spreader. Thus, the sample holder is 
blanketed with the gas and the atmosphere within the sample well is 
achieved by diffusion of gas into the well. The removal of volatile products 
arising from the thermal degradation of the sample during a run is apparently 
accomplished by the driving force accompanying volatilization and is 


also dependent on diffusion. 
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Fig. 2. Dynamic gas flow apparatus: sample holder and furnace assembly. 


The other apparatus used, based on instrumentation described by White- 
head and Breger' and Lodding and Hammel," differed primarily in at- 
mosphere control, featuring the “dynamic gas flow”’ technique as described 
by Stone,'* and is shown in Figure 2. In a dynamie gas flow apparatus 
the atmosphere is provided by passing the desired gas through the sample 
holder cells. Thus, the sample is continuously swept with fresh atmosphere 
gas insuring the removal of any degradation products from the sample 
cavity. Gas flow rates into the sample holder were of the order of 30 
ec./min. The auxiliary instrumentation for signal amplification, recording, 
and heating rate control was the same as that described for the gas diffusion 
apparatus. 

Under optimum conditions with either apparatus a temperature dif- 
ference AT’ of 0.05°C., which is equivalent to 2 uv, could be detected. As 
previously indicated the reference temperature and not sample temperature 
was measured so that the temperatures shown on the DTA curves are 
reference temperatures. Sample temperature is simply determined from 
the following relationship. 

Teampic = Tree + AT 


Procedures 


Fiber, fabric, and some bulk polymer samples of 5 to 50 mg. were run at 
heating rates of 1° to 10°C./min. from about 50 to 650°C. Samples were 
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usually prepared by cutting into small squares of '/16 in. or '/. in. lengths. 
Samples were run in an atmosphere of either purified nitrogen or compressed 
air to provide both oxidizing and non-oxidizing conditions. At elevated 
temperatures the reactions of organic substances are so complex that some 
separation of oxidative and nonoxidative reactions must be achieved. In 
general the DTA curves obtained in the inert atmosphere were found 
to be less ambiguous and the most consistently informative. 

The sample packing technique involved the dilution of all samples with 
the alumina used as the reference material. In the case of organic ma- 
terials samples are admixed with reference material so that the packing 
and thermal properties will be determined principally by the reference 
material regardless of sample shrinkage, melting, decomposition etc.'4~' 
A modified ‘‘sandwich”’ packing, developed in previous studies,':? was used 
in the present work as shown diagrammatically in Figure 3. About ‘one- 
third of the reference material to be used is deposited in the sample well as 
a base layer. The cut pieces of sample are then placed around the thermo- 
couple junction together with reference material and the balance of the 
reference material constitutes a covering layer. 


Results and Discussion 


The effects of sample preparation, sample size, cell packing, atmosphere 
control, and other experimental variables have been studied. The usual 
method for DTA sample preparation involves grinding or milling to 40-200 
mesh.'* The effects of sample preparation and packing are shown in 
Figure 4 by representative curves obtained on the samples of undrawn 
Dacron* polyester fiber and, using the top curve, the main curve features 
are identified as (1) the second-order or glass transition 7’, at 84°C., which 
is manifested as a well-defined downward shift in the base line reflecting 
an increase in the heat capacity of the polymer, (2) polymer crystallization 
shown by the exotherm with a peak at 148°C., (3) polymer fusion shown 
by the endotherm with a peak at 266°C., and (4) polymer decomposition 
represented by the endothermic process with a peak temperature of 450°C. 


* Du Pont trademark. 
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Fig. 4. DTA curves of undrawn Dacron (GD-gas diffusion apparatus): effect of sample 
preparation and packing. 


Following polymer fusion there are also indications of one or more exo- 
thermic reactions beginning around 350°C. By means of dynamic 
mechanical measurements 7’, for polyethylene terephthalate fibers has 
been estimated to be 80°C." and available DTA data from the literature 
indicates values of 78°C.° It should be noted that due to the relatively 
fast heating rate of 10°C./min. the actual peak temperatures shown can 
be expected to differ from those from DTA curves obtained at lower heating 
rates. Some of the effects of heating rate are discussed subsequently. 
Tightly packing the fiber sample by tamping the sample mixture in the 
well does not significantly alter peak temperatures although the base line 
appears to shift slightly. However, in the cases where the fiber was ground 
to 40 mesh by a Wiley mill the curve indicates some reduction in the glass 
transition shift, the crystallization peak has virtually disappeared, and 
the curve has changed shape somewhat in the region just prior to the de- 
composition endotherm. In the grinding or milling operation there is 
apparently sufficient heat generated such that, unless adequate cooling 
is provided, samples of largely amorphous bulk polymers or undrawn fibers 
will undergo the low temperature transitions and crystallization process. 
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Fig. 5. DTA curves of undrawn Dacron (DGF-dynamic gas flow apparatus): effect of 
sample size. 


It has been shown that milling can cause polymer degradation™:'!® and 
severe mechanical damage may cause other significant changes in certain 
fibers”’ that may be reflected in the DTA curve. The curve obtained with 
the sample in the form of a fiber bundle shows very well defined features 
with the appearance of two distinct exothermic reactions prior to decom- 
position. In this case a fiber bundle was slid down over the thermocouple 
so that the bead was positioned halfway up in the bundle. Samples of 
fibers cut to a length of about '/;,_ in. and fabrie cut into '/;.5 in. squares 
have been found to give highly reproducible results. 

Sample size is another extremely important variable to be considered. 
Intuitively, the smaller the sample the more realistic the results should be. 
Thus, in the case of a small sample the effect of a thermal gradient will be 
minimized. The effects of heat capacity differences vis a vis the reference 
material would also be minimized. Since a finite time is required for a 
transformation to occur sample size may unduly affect the observed tem- 
perature of a given reaction.” In Figure 5 the effect of sample concentra- 
tion is shown for undrawn Dacron fiber in nitrogen atmosphere using the 
dynamic gas flow apparatus. The DTA curves show that 5 mg. samples 


give weak reactions with some curve distortion. 
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Fig. 6. DTA (GD) curves of undrawn Dacron: effect of heating rate. 


Heating rate has long been recognized as a potent variable in DTA" 
that can cause shifts in peak temperature. Dacron, nylon 6, and poly- 
propylene samples were run in the gas diffusion DTA apparatus at heating 
rates of 1, 3, 5, 7.5, and 10°C./min. The results obtained on Dacron are 
shown in Figure 6. All of the results are summarized in Figure 7. The 
data show that (/) 7', tends to increase slightly as heating rate increases, 
(2) crystallization temperature is definitely affected by heating rate, in- 
creasing as heating rate increases, (3) melting is not much affected but 
tends to increase slightly as high rates of heating are reached, and (4) 
decomposition temperature increases markedly as heating rate increases. 

Results have been obtained on some fiber and bulk polymer samples, 
described in Table I, in air and in purified nitrogen on 50 mg samples of 
cut fiber. 

In Figure 8 the DTA curves of drawn and undrawn Caprolan* nylon 
6 in nitrogen on the gas diffusion apparatus are presented. There is a 
well-defined endothermic peak for polymer fusion indicating a melting 
point of 231°C. for drawn fiber versus 231°C. for the undrawn fiber. The 
fusion peak for the drawn fiber is much larger and sharper than the un- 
drawn indicating a higher degree of crystallinity and/or orientation, 


* Allied Chemical Corporation trademark. 








8 Kh. F. SCHIWENKER, JR., 
| 9 
is a 
b oO 
400 o D 
r 
L 
ma sO 
o 
& 
“ : 
= 250+ e 5 
- 
© 
Ww = 4 4 
= 200- 
Ww 
- 
x } ) ) { 
~m 150 
a 
0 
* Oo 
100} 
50 
I | | 
10 30 5.0 
HEATING RATE 
Fig. 7 


as might be expected. 


AND R. 


K. ZUCCARELLO 


O 
o 4) DECOMPOSITION 
4 
- O 
Oo O , 
s > MELTING 
© © 
oO Oo } CRYSTALLIZATION 


Bulk Polypropylene 


& Nylon 6 fiber 
O Undrewn Dacron Polyester 


fiber 


| l 
75 10.0 


(°C/min.) 


Variation of DTA peak temperatures with heating rate. 


Both melts are observed to start depolymerization, 


around 370°C. and two reactions are indicated, one much smaller than the 


other. 


Strauss and Wall?! in a study of the pyrolysis of nylon 6 in vacuum 


concluded that the decomposition involved two competing mechanisms: 


(1) random hydrolytic scission and (2) free radical depolymerization. 


The DTA curves for nylon 6 appear to fit this hypothesis leading to the 


interpretation of the small endotherm around 400°C. as due to random hy- 


drolytic scission followed by the major reaction of depolymerization by a 


TABLE I 


Special DTA Samples 
I | 


Sample 


Pure nylon 6 


Polypropylene 


Description 


High tenacity, bright, 
drawn yarn 

High tenacity, bright, 
undrawn yarn 

Iexperimental samples of 


drawn fiber from pure 


poly mer 


pure, bulk polymer 
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free radical mechanism. The resolution of the decomposition reactions is 
better in the case of the drawn fiber. 

The air curves for both the drawn and undrawn fibers on the two DTA 
apparatuses have also been obtained. The gas diffusion DTA curves 
show a weak endotherm around 90°C. followed by an exothermic rise which 
is interrupted by the fusion reaction (reference peaks 232-233°C.) with the 
peak for the drawn fiber being the sharper of the two. The fusion peaks 
are followed by strong exothermic processes showing a peak at 387°C 
for the drawn fiber and 408°C. for the undrawn. These represent oxidative 
reactions since they are not found in the nitrogen curves. Both samples 
exhibit strong endotherms with peak temperatures comparable to the main 
decomposition endotherms found in the nitrogen curves. However, no 
indication of two reactions is evident probably due to the interference of 
oxidative reactions. The air curves for dynamic gas flow DTA are gener- 
ally similar except that the major reactions appear larger as was the case 
for the nitrogen curves. 

Samples of bulk polypropylene and fiber made therefrom have been run 
in nitrogen on both DTA apparatuses. The gas diffusion curves in Fig- 
ure 9 show a possible phase change around 95-100°C which may represent 
a transition associated with one crystalline modification changing to another 
followed by the main fusion peak. The reaction at 98°C. in the bulk 
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polymer is much reduced in the fiber and the main fusion process in the 
liber now shows two peaks. The polymer melt begins to show a decom- 
position endotherm beginning about 425°C. with a peak at 480°C. The 
dynamic gas flow DTA curves, shown in Figure 10 follow a similar pattern 
except that the melting endotherms and decomposition endotherms appear 
to be larger. The double peaks at 158 and 174°C. observed in the melt- 
ing region are found only for the drawn fiber and a similar phenomenon 
has been observed in the case of nylon 66.2 This appearance of two peaks 
was first reported by White® in the DTA curves of nylon 66 yarn and, based 
on x-ray and birefringence data, he concluded that the first peak involved 
disorientation prior to crystallite melting. The DTA curve of undrawn 
polypropylene does not show the early peak at 158°C. and if the meit from 
the drawn fiber is cooled and rerun the first peak disappears so that this 
peak at 158°C. is tentatively ascribed to disorientation. The relatively 
small size of the polypropylene decomposition endotherms has been in- 
terpreted as indicating partial degradation to chain fragments rather than 
to monomer. Madorsky et al.** found that vacuum pyrolysis of poly- 
ethylene gave products with an average molecular weight of about 700 and 
Grassie'® reports the thermal degradation products of polypropylene to 


be primarily large chain fragments. 
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TABLE I] 
Comparison of DTA Peak Data 


Gas diffusion Dynamic gas flow 


Sample 7(°C.) Hgt. (in.) T( °C.) Hgt. (in 


Fusion Peak Data 


Dacron 266 se 266 3.0 
Nylon 6 233 1.9 236 7.0 
Polypropylene-fiber 174 1.4 175 6.2 
Polypropylene-bulk 178 1.1 176 1.0 
Decomposition Peak Data 

Dacron 150 2.1 150 0 
Nylon 6 $28 5.2 14 7.0 
Polypropylene-fiber 180 3.3 iS] 5.0 

3.5 {SO 6.7 


iSO 


Polypropylene-bulk 
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big. IL. DPA curves of polycarbonate bulk polymer and fiber 


In order to facilitate the comparison of gas diffusion DTA with dynamic 
gas flow DTA, data on the temperatures and heights of fusion peaks and 
decomposition peaks are presented in Table IJ. The results show that 
in every instance save one the peak heights obtained under dynamic gas 
flow conditions are increased about 45° over the gas diffusion peak heights. 
However, peak temperatures are quite comparable. It is also apparent 
by inspection of the various DTA curves shown herein that in the case of 
dynamic gas flow generally sharper major peaks are obtained but that the 
resolution of small peaks is not very different. from those obtained under 
gas diffusion conditions 

The curves for polyearbonate bulk polymer (Lexan-General Electric 
Corp.) and experimental fibers made therefrom are shown in Figure 11. 
The glass transition 7', is reported to be 145 to 150° C. and it is difficult 


to induce crystallization in the polymer.** In the case of partially erys- 


talline samples the melting point has been reported as 267°C."4 DTA 
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Nig. 12. DTA curves of Teflon bulk polymer and fiber (10°C./min.-nitrogen 


atmospheres ) 


curves of the bulk polymer in air and nitrogen show a 7’, of about 158°C 
but there is no evidence of subsequent crystallization or melting. The 
effect of oxidation can be seen in the air curve with a strong exothermic 
process beginning around 800°C. which is interrupted by an endothermic 
decomposition process with a peak at 420°C. followed by further oxidation 
of the decomposition products. In nitrogen the same pattern is found 
except for the lack of any significant exothermic process after decomposition 
The occurrence of the same endothermic decomposition process suggests 
thermal depolymerization. 

The DTA curves of fiber samples indicate significant changes from the 
bulk polymer which may involve the effects of the spinning process. ‘The 
shape of the 7’, is different in that no endothermal peak is present and the 
change in the base line is more gradual. ‘The shape of the 7’, in the DTA 
curve has been discussed by Wunderlich and Bodily® who have pruposed 








14 R. F. SCHWENKER, JR., AND R. K. ZUCCARELLO 


that the configuration of 7’, is governed by the rate at which the polymer 
melt is cooled. The undrawn fiber shows the larger 7, change as might 
be expected on the basis that the drawn fiber should be partially crystalline 
thus reducing the magnitude of the 7, change. However, the drawn fiber 
curve shows no evidence of a melting peak so that this sample is indicated 
to have little or no crystalline structure. An exothermic process around 
320°C is not found in the bulk polymer curve. The decomposition peak 
temperature (400°C.) is also significantly lower than that of (420°C.) 
the bulk polymer which may reflect chain damage during processing. 

In Figure 12 the DTA (gas diffusion apparatus) curves of Teflon* bulk 
polymer and fiber are shown. Teflon is reported to have a transition at 
327°C. that involves a loss in erystallinity.2’ Grassie'® reports thermal 
degradation around 600°C and Madorsky and Strauss®* found only 17% 
volatilization at 500°C. for 30 min. Various pyrolysis studies!*.*—* 
have indicated depolymerization to monomer, C2}, with subsequent for- 
mation of secondary reaction products C;I", and C,I’s. 

The DTA curves show a sharp endotherm with a peak at 343°C. for the 
bulk polymer and a broad, asymmetric endotherm with a peak at 346°C. 
for the fiber. These transitions involve the loss of crystallinity and the 
asymmetric peak for the fiber may indicate a second reaction due to dis- 
orientation since Teflon fibers are said to be highly oriented. This transi- 
tion is followed by an exothermic process with a major endothermic de- 
composition beginning about 530°C. with a peak around 560-570°C. 
due to free radical depolymerization of the polymer. This endotherm is 
followed by major exothermic reactions. 

In the fiber case a small exothermic reaction is found at 585°C. with the 
main exotherm peaking at 616°C. The presence of exothermic reactions 
in an inert atmosphere suggests the formation of covalent bonds, e.g. 
the formation of new products. Thus, the DTA curves show exothermic 
peaks following depolymerization reflecting the formation of secondary 
reaction products described by Lewis and Naylor?’ and others. '*:* 


Conclusions 


The results show that DTA is a highly useful method for the unambig- 
uous characterization of synthetic fibers from low temperature transitions 
through decomposition. It is shown that DTA can detect changes result- 
ing from the conversion of bulk polymers into fibers as well as reveal cer- 
tain changes in fiber fine structure due to further processing. 

A good correlation was found between DTA results and data on the ther- 
mal degradation behavior of fiber-forming polymers from more conventional 
methods. Thus, DTA can provide “thermal spectra” that not only serve 
as fiber ‘fingerprints’ but are also interpretable in terms of molecular re- 
arrangements, depolymerization, new product formation, and other chem- 
ical changes that occur during the thermal degradation of synthetic textile 


materials. 


* Du Pont trademark. 
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It has also been shown that increasing the rate of heating from 1 to 
10°C./min. causes the peak temperatures for polymer crystallization and 
decomposition to increase significantly whereas the glass transition and 
melting temperatures are not greatly affected although a tendency to in- 
crease somewhat at high rates of heating was observed. 


The authors are grateful to Mr. Harold Lambert for assistance in the design and con- 
struction of DTA apparatus. 

The support of this work by a group of Textile Research Institute member firms as 
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Résumé 


On a étudié l’application de l’analyse différentielle thermique (DTA) & la carac- 
térisation et 4 l’étude de la dégradation thermique de fibres synthétiques, y compris les 
fibres de polyester, nylon-6, le polypropyléne et le polytétrafluoroéthyléne. On a em- 
ployé des appareils DTA, construits au laboratoire, dans le domaine de température 
de 50°C a 650°C. On discute les considérations et techniques expérimentales, et les 
variables comme la préparation et la grandeur de |’échantillon, le contréle de l’atmos- 
phére et la vitesse de chauffage ont été étudiés. On a trouvé que la technique con- 
ventionnelle d’écraser ou de moudre les échantillons DTA donne lieu A des change- 
ments significatifs pour certains échantillons, plus spécialement dans le cas de films non- 
étirés. Le contréle de l’atmosphére de |’échantillon par un courant gazeux dynamique 
a travers de la cellule de |’échantiilon, donne des pics qui sont, en général, plus nets et 
plus étroits que ceux trouvés lors du contréle par diffusion gazeuse. On donne des 
résultats pour différentes transitions 4 basse température trouvées dans ces films. 
On a trouvé des différences significatives entre des transitions 4 basse température entre 
le polypropyléne fibreux et le polymere en bloc et également pour les fibres de nylon-6 
étirées et non-¢tirées. On discute l’interprétation des courbes DTA pour la décomposi- 
tion et d’autres réactions 4 des températures élevées. Par le nylon-6 et le polypropyl- 
éne, on ne constate que des réactions endothermiques, ce qui indique un processus de 
dépolymérisation, tandis que les autres fibres montrent dans le domaine de décomposition 
des réactions endothermiques et exothermiques. 


Zusammenfassung 


Die Anwendung der Differentialthermoanalyse (DTA) zur Charakterisierung des 
thermischen Abbaus von synthetischen Textilfasern, niimlich Polvester-, Nylon-6-, 
Polypropylen- und Polytetrafluorithylenfasern, wurde untersucht. Der Temperatur- 
bereich des im Laboratorium gebauten Apparates erstreckte sich von 50°C bis 650°C. 
Die experimentellen Gréssen und Verfahren werden diskutiert und Probenbereitung, 
Gross, Zellpackung, kontrollierte Atmosphire und Erhitzungsgeschwindigkeit als Vari- 
able untersucht. Das iibliche Verfahren des Zerreibens oder Mahlens von DTA- 
Proben ruft bei gewissen Proben, besonders bei nicht gereckten Fasern, wichtige Ver- 
anderungen hervor. Die Kontrolle der Probenatmosphare durch dynamische Gas- 
strémung durch die Probenzelle lieferte im allgemeinen schiarfere und gréssere Maxima 
als bei Kontrolle durch Gasdiffusion. Die Daten der verschiedenen in den Fasern fest- 
gestellten Tieftemperaturumwandlungen werden angegeben. Wichtige Unterschiede 
bei den Tieftemperaturumwandlungen ergaben sich zwischen der Polypropylenfaser 
und dem unverarbeiteten Polymeren sowie zwischen gereckten und ungereckten Nylon- 
6-Fasern. Die Interpretation der DTA-Kurven bei der Zersetzung und anderen Reak- 
tionen bei erhéhter Temperatur wird diskutiert. Nylon-6 und Polypropylen zeigten 
lediglich endotherme, fiir Depolymerisationsprozesse charakteristische Reaktionen, 
wahrend andere Fasern im Zersetzungsbereich endotherme und exotherme Reaktionen 


aufwiesen. 
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Differential Thermal Analysis of Linear Polyesters 


R. M. SCHULKEN, JR., R. E. BOY, JR., and R. H. COX, Research 
Laboratories, Tennessee Eastman Company, Division of Eastman Kodak 
Company, Kingsport, Tennessee 


Synopsis 


Differential thermal analysis (DTA) was used to measure crystallization, melting, and 
glass transition temperatures of poly(ethylene terephthalate), poly-1,4-cyclohexylene- 
dimethylene terephthalate, and some copolyesters. These values are affected in dif- 
ferent ways by systematic changes in such factors as copolymerization, molecular block 
formation, crystal perfection, nucleation, thermal history, and orientation. At least 
two types of abnormally high melting structures were formed and identified. The sta- 
bility of these polymers to thermal and oxidative degradation was studied by DTA. 


Introduction 


Differential .‘,ermal analysis (DTA) may be used to measure melting, 
crystallization, and glass transition temperatures of polyesters. Oxidative 
and thermal breakdown also may be measured. These thermal properties 
are affected by systematic variations in the molecular or crystalline struc- 
ture of the polyester, which may be brought about by copolymerization, 
heat treatments, nucleation (by orientation or other means), or by rate of 
heating in the DTA measurement. 

Polyethylene terephthalate (T2) and poly-1,4-cyclohexylenedimethylene 
terephthalate (T16) and a variety of copolyesters were studied by DTA 
to determine the effects of the above factors on these systems.* The 
basic repeating units are as follows: 


0 0 . 

I iN I H. 
B= —C C—O—CH,- CH.—7 0H 
Poly 1,4-cyclohexylenedimethylene terephthalate (T16) 


O 


1 i 
| 
H+-0 c{ \-C-o CH,—CH,—+-OH 


Polyethylene terephthalate (T2) 
* We are indebted to C. J. Kibler and J. G. Smith, of these Laboratories, for the T2, 
T16, and copolyesters used in this work. The compositions of these resins were verified 
by NMR and infrared spectroscopy. 
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Ke! has studied some of these polymers, and the data are in good agree- 
ment where they overlap. 


Experimental 


The equipment used for this work has been described elsewhere by Boy, 
Schulken, and Tamblyn.? It permits the simultaneous analysis of five 
samples, which are usually in the form of a fine powder. Provision is made 
for evacuating the samples in place and for controlling the atmosphere over 
the samples. Sample temperatures may be accurately determined during 
a transition. 


OXIDATION 






4 EXOTHERMIC 


CRYSTALLIZATION 








4 


GLASS TRANSITION 







DECOMPOSITION 


MELTING 






J ENDOTHERMIC 





TEMPERATURE 


Fig. 1. Schematic DTA curve. 


Figure | is a schematic differential thermogram which illustrates how the 
various thermal characteristics appear on a DTA curve. In actual prac- 
tice, however, all of these characteristics are not revealed so well on a single 
curve. It is necessary to make slight variations in the procedure in order 
to show the thermal characteristic of particular interest to best advantage. 
Oxidation is measured on a sample of smaller than normal size, and the 
experiment is carried out in the presence of either oxygen or air. The other 
measurements are carried out in nitrogen or in vacuum. The equipment 
is designed for programmed cooling so that the crystallization temperature 
on cooling may be measured. For this measurement, obviously the cooling 
must be started before decomposition occurs. 

The copolymers of T2 studied included the homologous series 3-, 4-, 5-, 
6-, and 8-carbon linear glycols. Since the 1,4-cyclohexanedimethanol used 
in making T16 may exist in either a cis or trans configuration, variations 
in the cis-trans ratio were considered. Also, the effects of modification of 
the T16 system with isophthalic acid were studied. 
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Discussion of Results 


Figure 2 shows how the thermal characteristics of T16 change with the 
variation in the cis-trans ratio of the glycol. 7, is the melting tempera- 
ture, 7’. is the crystallization temperature on cooling, 7',, is the erystalliza- 
tion temperature on heating, and 7’, is the glass transition temperature. 
For 7. the solid line represents values on well-quenched samples; the 
dotted line represents values on samples which were nucleated by orientation 
and hence crystallize more easily. Values for T2 are included in the mar- 
gin at the right for comparison. All of these values were measured at a 
heating rate of 4.5°C./min. The distances between 7’,, and 7’, and between 
T, and 7, have been found to be qualitatively related to the nucleation or 
crystallization rate of the polymer. It will be observed that there is very 
little difference in crystallization rate throughout this range of composition. 


TEMP., °C. - 
320 = 


280 


240 





200 








oor es o 

: i ————— 
0 

rv) a Se Bee i ee | 
0 20 40 60 80 100 


trans GLYCOL, % 


Fig. 2. Thermal properties of T16, variation in cis-trans ratio. 


Also, there is no eutectic composition in the melting or crystallization 
curves. The temperature range in 7, and 7’, (nucleated) for T2 is com- 
paratively wide. Vaiues for 7’. were obtained on thoroughly melted sam- 
ples which, were not intentionally nucleated. To thoroughly melt, a sam- 
ple must be heated well above its melting temperature. Failure to melt 
thoroughly may leave crystal nuclei which will raise the value of 7’. 

Figure 3 shows the thermal properties of T16 modified with isophthalic 
acid. The 7’, curve is almost horizontal, which shows that the composi- 
tions of this series of copolymers vary little with respect to the freedom of 
rotation of the chain. This also has been indicated by solution measure- 
ments.* However, the crystalline regularity of the system is greatly dis- 
turbed by the copolymerization of increased amounts of isophthalic acid. 
Isophthalic acid interrupts the packing efficiency of the molecules, thereby 
reducing crystallizability. As Figure 3 shows, on increasing the isophthalic 
content the melting temperature drops sharply, 7’. diverges somewhat from 
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Fig. 3. Thermal properties of T16 modified with isophthalic acid. 
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Fig. 4. Thermal properties of T2-T4 copolyesters. 


7, and 7, diverges from 7. If the copolymer contains more that 35% 
isophthalic acid, crystallization can be obtained only by artificial nucleation 
techniques. We have used specialized nucleation techniques to obtain 
crystallization in copolymers of T16 containing up to 70% isophthalic 
acid. Isophthalic acid has a similar effect when copolymerized with T2 


except that an equal amount produces a greater effect on T2. Copoly- 
mers of T2 with isophthalic acid do not crystallize normally if the isoph- 
thalic acid content is greater than 25%. 

Figure 4 shows the thermal properties of T2 modified with 1,4-butanediol. 
There is an eutectic in the 7,, and T, curves in the copolymer containing 
polytetramethylene terephthalate (T4) at about 45% T4. T4 appears to 
crystallize more rapidly than T2 although T2 melts at a higher temperature. 
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Fig. 5. Thermal properties of T2-T3 copolvesters. 
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Fig. 6. Thermal properties of polymers of terephthalic acid and a homologous series of 
glycols. 


Note that crystallization occurs readily throughout the range of composi- 
tions. 

Figure 5 shows the thermal properties of T2 and 1,3-propanediol co 
polyesters. Polytrimethylene terenthalate (T3) has less effect on the 
T, curve than T4. However, the odd numbered carbon atom segment in 
the 1,3-propanediol apparently does not fit the crystal lattice of T2 and 
thus has a very marked effect on the crystallization of the copolymers. 
T3 itself crystallizes very readily, but in the range of 20 to 50% T3 no 
crystallization occurs. Copolymers of T2 and T16 also do not crystallize in 
the middle ranges of composition. 
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Fig. 7. Thermogram of T16 (70° trans). 


Figure 6 shows the thermal properties of polymers of terephthalic acid 
and a homologous series of glycols. 7, decreases monotonically with in- 
creasing chain length of the glycol though it tends to level off for the higher 
glycols. Other thermal properties also decrease with increasing chain 
length of the glycol but in a zig-zag fashion. The T4 and polyhexamethyl- 
ene terephthalate (T6) crystallized even when quenched rapidly from the 
melt. 

Table I shows the effect of heating rate on the DTA curve of T16. 7, is 
sensitive to heating rate only at fast rates of heating, whereas T7’,, is sensi- 
tive to heating rates only at extremely slow rates of heating. 7’, is very 
sensitive to heating rates, showing that nucleation is very definitely 
a rate phenomenon within the time required for running a DTA curve. 
7. was also found to be sensitive to the heating rate. Low molecular 
weight polymers crystallize more rapidly than high molecular weight poly- 
mers. 7’, increases at a very slow heating rate because the polymer an- 
neals spontaneously to a more perfect crystal structure (the crystalline 
structure has fewer defects) with a high melting point.‘ 

Figure 7 shows the beginning of the formation of such an improved crystal 
structure for T16 (70% trans). The sample showing the twin melting 
peak had been annealed for a short time at 289°C. (slightly below the nor- 
mal 7',,). By using a longer heating time or by very slowly heating up to 
295°C., the lower peak was completely eliminated and the upper peak was 
increased in size and temperature. Melting temperatures have been in- 


TABLE I 
Effect of Heating Rate on DTA of T16 


Heating rate, 


°C./min. la a Aes he lm he 
10 S5 140 291 
1.5 82 128 291 


l SO 120 204 
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creased to over 310°C. by such a technique. Actually two different types 
of changes in the polymer structure which produce a very marked increase 
in the normal melting temperature of the polymer have been found. 

In Table II the characteristics of these abnormally high melting poly- 
mers of T16 are compared with those of a normal polymer. The improved 
crystal-type polymer is generally produced by heating at a temperature 
close to the melting point of the polymer. The block polymer is somewhat 
more difficult to produce and involves the heating of a polymer containing 
an active catalyst at a temperature slightly above or below the melting 
temperature. The block polymer molecule has appreciable amounts of 
long blocks of trans T16 instead of the normal random sequence of trans 


and cis units. 


TABLE II 
Characteristics of Abnormally High Melting Crystals of T16 


Melting point, °C. 





ea Precipi 
First Second tation X-ray 
cycle cycle Density solubility sharpness 
Normal polymer 292 203 1.23 30.2 Moderate 
Block polymer 311 310 1.25 25.3 High 
1.25 30.3 High 


Improved crystal polymer 310 293 


Both types of polymer have abnormally high melting points, abnormally 
high densities, and high x-ray diffraction pattern sharpness. The dif- 
ferences in density are very significant. They correspond to an increase 
in degree of crystallinity from 45% in the normal polymer to 65% in the 
the high-melting variety. The actual differences in these polymers have 
been deduced by extensive studies which will not be reported here. How- 
ever, two simple methods for differentiating these two types of polymers 
are shown in Table II: (/) the melting point of the improved crystal-type 
polymer is reduced to a normal value on the second cycle DTA curve, 
whereas the block polymer is unchanged by melting if the catalyst is in- 
active, and (2) a precipitation-solubility method’ shows that the chemical 
structure of the improved crystal-type polymer is similar to that of a nor- 
mal polymer, whereas the structure of the block polymer is different. The 
block polymer retains its high melting point even after thorough melting, 
whereas the improved crystal-type polymer reverts to the normal type. 
The precipitation solubility is determined by dissolving the polymer in a 
suitable solvent and then adding nonsolvent until it precipitates. Num- 
bers shown in Table II are arbitrary figures denoting the amounts of pre- 
cipitant required to cause the polymer to precipitate. The solvent-precip- 
itant system was especially chosen to show composition differences, not 
molecular weight differences. These values show that the normal poly- 
mer and improved crystal polymer are identical chemically. The block 
polymer is less soluble than these two polymers. Heating the block poly- 
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Fig. 8. Oxidative stability of stabilized T16. 


mer under ester-interchange conditions changes its precipitation behavior 
and melting temperature to those of the normal polymer. This involves 
heating the polyester with an active catalyst. 

Abnormally high melting materials of the improved crystal type have 
been observed in all crystalline polymers we have studied, including poly- 
esters, polyolefins, isotactic polystyrene, and polyamides. Some poly- 
amides appear to produce the widest range of melt temperatures (over 40°C.) 
and to form the high-melting variety most easily. However, a given sam- 
ple of T2 with a normal melting point of 252°C. has produced polymers 
melting from 245 to 280°C. Low molecular weight polymers are par- 
ticularly susceptible to formation of high-melting crystals. 

igure 8 shows how the oxidative stability of T16 may be studied. Data 
are shown for the unstabilized polymer and for two stabilized composi- 
tions. These curves were obtained on samples analyzed in oxygen with 
the temperature increased at a rate of 2°C./min. Note the different shapes 
of the curves and the marked improvement in oxidation resistance imparted 
by the N,N’-di-2-naphthyl-p-phenylenediamine (DNPD). DLTDP is 
dilauryl 3,3’-thiodipropionate. 

The studies reported in this paper show how differential thermal analysis 
may be used to measure a variety of thermal characteristics of polymers. 
These properties are important in determining processing techniques and 
the uses of the polymer. Thermal analyses may be used to elucidate 
molecular and crystal structure problems also. However, certain precau- 
tions are necessary to assure reliable interpretation of results. 
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Résumé 


L’analyse thermique différentielle (DTA) a été employée pour mesurer les tem- 
pératures de cristallisation, de fusion et de transition vitreuse du poly(éthyléne-téré- 
phtalate) du poly(1,4-cyclohexyléne-diméthyléne téréphtalate), et de quelques co- 
polyesters. Ces valeurs sont affectées de différentes maniétres en apportant des change- 
ments systématiques dans des facteurs comme la copolymérisation, la formation de 
blocs moléculaires la perfection du cristal, le phénoméne d’ initiation du cristal, l’histoire 
thermique et l’orientation. Au moins deux types de structures 4 point de fusion anor- 
malement élevé, ont été formés et identifiés. La stabilité de ces polyméres du point de 
vue de la dégradation thermique et par oxydation a été étudiée par DTA. 


Zusammenfassung 


Differentialthermoanalyse (DTA) wurde zur Messung der Kristallisations-, Schmelz- 
und Glasunwandlungstemperaturen von Polyithylenterephthalat, Poly-1,4-cyclo- 
hexylendimethylenterephthalat und einigen Copolyestern angewendet. Die Werte 
werden durch systematische Anderungen einiger Faktoren, wie Copolymerisation, 
Molekiilblockbildung, Kristallvollkommenheit, Keimbildung, thermische Vorgeschichte 
und Orientierung in verschiedener Weise beeinflusst. Mindestens zwei abnormal hoch 
schmelzende Strukturtypen wurden gebildet und identifiziert. Die Bestiindigkeit der 
Polymeren gegen thermischen und oxydativen Abbau wurde mittels DTA untersucht. 
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Thermal Analysis of Polyurethane Elastomers 


PHILIP E. SLADE, JR., and LLOYD T. JENKINS, 


Chemstrand Research Center, Inc., Durham, North Carolina 


Synopsis 


Differential thermal analysis and thermogravimetric analysis were used to evaluate 
the thermal properties of several types of polyurethane elastomers. The composition 
of the polymers investigated was changed by varying the substrate, or soft segment, 
diisocyanate and extender. The data indicated that within the limits of the composi- 
tions under study, polyurethanes were thermally stable to their melting points, however, 
above the melt they were susceptible to’ oxidation unless stabilized by the addition of 
an antioxidant. On the differential thermograms the absence of a pronounced endo- 
thermic peak at the melting point, characteristic of non-crystalline polymers, was ob- 
served. The decomposition of polymers made with 4,4’-diphenylmethane diisocyanate 
(MDI) occurred above 400°C, and was at least a two-step process, while the decom- 
position of polymers containing toluene diisocyanate (TDI) occurred below 400°C. 
and appeared to be a one-step reaction. 


Although the number of literature reports on the thermal analysis of 
polymers has increased rapidly during the past few years, these techniques 
have not been frequently used to study synthetic elastomers. Differential 
thermal analysis has been utilized to investigate the state of cure,' ethylene 
propylene elastomers,” and fluoroelastomer systems.* 

However, there is no reported thermal data on polyurethanes, either differ- 
ential thermal analysis (DTA) or thermogravimetric analysis (TGA). 

In this paper both DTA and TGA data for five typical polyurethane 
systems is presented, where composition has been changed by varying 
substrate, isocyanate and extender. 

The general method‘ of preparing the type of polymer used in this 
study is to react a polyester or polyether with a diisocyanate, either in 
solution or in bulk, to form a prepolymer, or as the case may be, a ‘‘capped”’ 
polyester or polyether. That is, the terminal positions would be occupied 
by anisocyanate. This prepolymer is then ‘“‘extended”’ into a polyurethane 
by reaction with either a diamine or diol. It is believed that the com- 
mercia! polymers used in this study were prepared by this method. 

All of the equipment used in this work was designed and built at the 
Chemstrand Research Center. The DTA unit utilizes a Leeds and North- 
rup Speedomax X-Y recorder, a Ff & M Model 40 temperature programmer 
and a Leeds and Northrup Model 9835-A stabilized de microvolt amplifier 
as a preamplifier between the differential thermocouple and the « input of 
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Fig. 1. Thermograms for a polyurethane of the composition: polyether-M DI-aliphatic 











diamine. 
DTA TGA 
r bislictide 
r 71% 
Te 
6% 
300 
t*C Fr 
200-r—- 
1ooe 
Five Rint anil cilia ae 
at 8 6 4 = 0 
Exothermic Endothermic Weight fraction lost 


Fig. 2. Thermograms for a polyurethane of the composition: polyester-M DI-aromatic 


diamine. 


the recorder. A Hoskins tube furnace is used as the heater. The use of 


two furnaces was helpful in eliminating cool down times. 

Nickel cells with */s in. diameter sample wells were employed. About 
150 mg. of sample, in fiber form, was cut into lengths not exceeding '/s in. 
and mixed with powdered quartz as a diluent. Quartz, also used in the 
reference well, was selected as the inert material because its particle size 
tends to suspend fiber samples more uniformly than alumina. Inert 
atmosphere was maintained by flushing the furnace cavity with nitrogen 
at a rate of about six liters per minute. The heating rate was 11°C./min. 
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Fig. 3. Thermograms for a polyurethane of the composition: polyester-MDI-diol. 
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Fig. 4. Thermograms for a polyurethane of the composition: polyester-TDI-aromatic 
diamine. 


The TGA apparatus also uses a L & N X-Y recorder and a F & M Model 
40 programmer. Weight change was observed with a Minnesota Instru- 
ment Co. electronic balance. A stainless steel rod was inserted into a tube 
provided in the balance and extends into the furnace. The fiber samples of 
about 1 g. each were placed in a small quartz tube that fits a cup atop the 
stainless rod. A Vicor jacket protected the furnace windings and provided 
a means for collecting off gases from the decomposition reaction. 

Comparative DTA and TGA data are presented by Figure 1 for a com- 
position consisting of a polyether substrate, or soft segment, 4,4’-diphenyl- 
methane diisocyanate (MDI) and an aliphatic diamine extender. The 
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Fig. 5. Thermograms for a polyurethane of the composition: polyester-TDI-aromatic 
diamine. 


DTA thermogram shows two very small endothermic changes, one at 
150°C. which has not been identified, and one at 205°C. that is identical 
with the softening or stick temperature observed on a thermal gradient bar. 
This polymer melts at 260°C., and probably because of residual air in the 
sample wells, some oxidative degradation occurs, as shown by the exo- 
thermic drift. Weight loss, beginning at 280°C. is attributed to this 
oxidation. At about 325°C., the second decomposition step begins. _ This 
is probably due initially to the decomposition of MDI. Later, at about 
400°C., depolymerization begins, with most of the weight loss occurring 
above that temperature. The percentages on the TGA thermograms 
indicate the per cent weight loss in each step. 

On Figure 2, the thermal properties of a polymer containing a polyester 
substrate, MDI, and an aromatic diamine extender are shown. Again, two 
very small endothermic changes are seen, one at 100°C. that has not been 
identified (although one would suspect that this was loss of adsorbed water, 
TGA shows no weight loss in this region) and a very gradual change with 
the maximum deflection occurring at about 250°C. This, too, corresponds 
with polymer softening. The polymer melts at 320°C., with the same type 
of oxidative degradation seen after melting. Initial weight loss, beginning 
at about 310°C. is again believed to be due to oxidation. The second 
decomposition step started at 365°C. and is thought to be similar to that 
process described for the polymer shown in Figure 1, that is, isocyanate 
decomposition followed by depolymerization at temperatures above 400°C. 

On Figure 3, thermograms for a polymer of slightly different compositions 
is shown. A polyester and MDI were used to prepare the prepolymer, 
but it was extended with a diol instead of a diamine. Only one small 
endotherm is present below the melting point. at 110°C. Since this cor- 
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responds with a 1% weight loss as shown by the TGA, it is probably due to 
vaporization of adsorbed water. The melting point of this polymer is 
203°C., but it differs in its behavior in the melt from the other samples, 
as oxidation does not start until it is heated to about 75° above the melting 
point. This polymer, however, contained an antioxidant, which accounts 
for the observed differences. The same two-step decomposition, shown by 
Figures 1 and 2, is again exhibited by this composition. 

Two other samples were investigated, where another diisocyanate, 
toluene diisocyanate (TDI) was used. The compositions were very similar, 
that is, both were made with polyesters. TDI, and aromatic diamine ex- 
tenders. 

Figure 4 indicates that there were no significant changes below the melt, 
which occurred at 265°C. Weight loss begins at 320°C., with only one 
apparent decomposition step and with the principal DTA depolymerization 
below 400°C., in contrast with the polymers made with MDI. 

The next polymer, Figure 5, shows no well defined melting point, but 
softens at about 250°C., and begins to lose weight at once, at 260°C. 
Again, the main decomposition occurs below 400°C. and is a one step 
process. 

Several conclusions may readily be made on inspection of the thermo- 
grams. The slight increase in thermal stability of the MDI based polymers 
is seen on both DTA and TGA. The depolymerization endotherms for all 
of these samples (I’ig. 1, 2, and 3) are above 400°, while the depolymeriza- 
tion of the polymers containing TDI is below that temperature. This is in 
agreement with the decomposition of the isocyanates alone, TDI decompos- 
ing at a lower temperature than MDI. 

The effect of extender is most noticeable when contrasting aliphatic and 
aromatic compounds. Although these materials exhibit no crystallinity, 
as determined by x-ray diffraction patterns on film, some degree of order 
is shown by the areas of the DTA melting point endotherms on Figures 1 
and 3. These compositions, both with aliphatic extenders, have larger 
peak areas than the aromatic extended polymers. 

The value of DTA as a technique for evaluating stabilizers has also been 
observed. The greatly increased melt stability of the compound of Figure 
3, which contained an antioxidant, is shown very clearly. 

In summary, five different compositions of elastomeric polyurethanes 
have been investigated by DTA and TGA. The results indicate that 
polymers made with MDI decompose in a two-step reaction while those 
prepared using TDI have a one-step decomposition that occurs at a slightly 
lower temperature than the MDI samples. The effect of stabilizers on 
polymer melt was also observed. 


References 
1. Bhaunik, M. L., A. K. Sirear, and D. Banerjee, J. Appl. Polymer Sci., 4, 366 
(1960). 
2. Knox, J. R., paper presented at the 140th Meeting, American Chemical Society, 
Chicago, September, 1961, 








7 


32 P. KE. SLADE, JR., AND L. T. JENKINS 


3. Paciorek, K. L., W. G. Lajiness, and C. T. Lenk, J. Polymer Sci., 60, 114 (1962). 
1. Rinke, H., Chimia, 16, 93 (1962). 


Résumé 


Des analyses thermiques différentielles et thermogravimétriques ont été utilisées 
pour évaluer les propriétés thermiques de divers types d’élastoméres de polyuréthanne. 
La composition des polyméres examinés a été modifiée en variant le substrat, ou seg- 
ment mou, le diisocyanate et l’extenseur. Les résultats indiquaient que dans les limites 
de composition étudiées, les polyuréthannes étaient thermiquement stables jusqu’a leur 
point de fusion, tandis qu’au-dessus de la fusion, ils étaient susceptibles d’étre oxydés a 
moins qu’ils ne soient stabilisés par l'adjonction d'un antioxydant. On a noté dans les 
thermogrammes différentiel l’absence, au point de fusion, d’un pic endothermique, 
caractéristique des polyméres noncristallins. La décomposition des polyméres effectuée 
sur le diisocyanate de 4,4’-diphényl-éthane (MDI) a eu lieu au-dessus de 400°C et 
procédait par deux ¢tapes au moins, tandis que pour les polyméres contenant le di- 
isocyanate de toluene (TDI) elle avait lieu au-dessous de 400°C et semblait procéder 


par une réaction eu une étape. 
Zusammenfassung 


Zur Ermittlung der thermischen Eigenschaften einiger Polyurethanelastomertypen 
wurde die Differentialthermoanalyse sowie die thermogravimetrische Analyse her- 
angezogen. Die Zusammensetzung der untersuchten Polymeren wurde durch Vari- 
ierung des Substrats, oder weichen Segments, des Diisocyanats und des Extenders ver- 
iindert. Innerhalb des untersuchten Zusammensetzungsbereiches erwiesen sich die 
Polvurethane bis zu ihrem Schmelzpunkt als thermisch stabil, oberhalb des Schmelzens 
waren sie jedoch, ausser bei Stabilisierung durch Zusatz eines Antioxydans, gegen 
Oxydation empfindlich. Bei den Differentialthermogrammen fehlte, wie es fiir nicht- 
kristalline Polymere charakteristisch ist, ein deutliches endothermes Maximum. Die 
Zersetzung der mit 4,4'-Diphenylmethandiisocyanat (MDI) hergestellten Polymeren 
trat oberhalb 400°C ein und war zumindest ein Zweistufenprozess, wiihrend die Zerst- 
zung von Toluoldiisocyanat (TDI) enthaltenden Polymeren unterhalb 400°C ablief 


und eine EKinstufenreaktion zu sein scheint. 
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The Specific Heat of Poly-1-butene 


H. WILSKI and T. GREWER, Farbwerke Hoechst AG., vormals Meister 
Lucius & Briining, Frankfurt/ Main-Hoechst, Germany 


Synopsis 


The specific heat and the specific volume of the different crystal modifications of 
poly-l-butene were investigated. Modification III, the crystalline structure of which 
is still unknown, was obtained by precipitating the benzene solution with methyl ace- 
tate. At 101°C. it is transformed into the tetragonal phase which melts at 121.5°¢ 
The specific heat of the rhombohedric structure, which was obtained from the melt 
by cooling and storage over a long period, increased evenly with a rise in temperature 
up to its melting point; by immediately measuring a freshly cooled melt, the specific 
heat of the tetragonal modification (at least above 80°C.) was obtained. A predom- 
inantly atactic material which had been stored for a long period, indicated the melting 
at 87°C. of the small fraction of the rhombohedric crystals. The investigations were 
supplemented by dilatometric measurements. By means of the degree of crystallinity 
thus obtained, the heats of fusion were calculated and compared with values from 


measurements conducted on the melting point depression of mixtures. 


Introduction 


Isotactic poly-l-butene has recently been the subject of numerous 
investigations.'~7 In certain solvents poly-l-butene crystallizes in 
a yet unclarified form III. On cooling, the melt of the pure poly-1-butene 
at first forms a tetragonal crystalline structure which is to some extent 
stable only above 80°C. and below —20°C. At room temperature the 
tetragonal form is rearranged into a more densely packed rhombohedric 
modification. This process takes place as a first order reaction at 20°C. 
and has a half-life of about 4 hr. in the case of well formed crystals (cooled 
slowly), and about 7 hr. for poorly formed crystals (quenched in ice water) 
(Table I).® 


TABLE I 
Half-Life (hr.) of Poly-1-butene Rearrangement at 20°C. 


Method of measurement Well crystallized Poorly crystal ized 
X-ray 3.8 7.0 
Dilatometric 1.1 6.3 


The tetragonal modification is very sensitive to mechanical action; by 
applying pressure or stress at any temperature, it can momentarily b« 
rearranged into the rhombohedric phase. In this paper the dependency 
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of the specific heats of the different crystal modifications on the temperature 
will be examined. 
Experimental 

The specific heats were measured with an adiabatic calorimeter similar 
to that of Nélting.'! Instead of using silver dishes for the polymer, an 
aluminium block with many holes was employed.'® The polybutene was 
filled into these holes. In order to extend the measurements to lower tem- 
peratures, a cooling jacket was fitted in place of the heating jacket. The 
refrigerant used was methanol from a low temperature thermostat. All 
measurements were taken under pure nitrogen at a pressure of 20 mm. Hg. 

The specific volumes were measured by dilatometers similar to those of 
Ueberreiter and Kanig,'® and Wilski."* Only two days were needed to 
obtain a volume curve. 

A polarizing microscope with heating stage (Leitz /Wetzlar) served for the 
melting point determinations of certain mixtures. The heating rate was 
1°C./10 min. The solvents used were highly purified o-chloronaphthalene 
and dibutyl maleate. For the determination of the heat of fusion by the 
method of Flory and Mandelkern," mixtures of appropriate composition 
were fused together under nitrogen at 150°C. and were then slowly cooled 
in a block of diatomaceous earth previously heated to 150°C. 

The isotactic poly-1-butene was made with Ziegler catalysts in hexane.’ 
The raw product was purified by dissolving it at 130°C. in isoamyl acetate 
(with 0.1% phenyl-8-naphthylamine) under nitrogen. By cooling to 20°C., 
the pure product is separated; Jt was then washed several times in methanol 
and hexane and dried in vacuo. The molecular weight of the product thus 
obtained was relatively high. The reduced viscosity measured in deca- 
hydronaphthalene was found to be spec/¢ = 3.69 dl./g. (at 135°C. and 0.1 
g./dl.). 

A mixture of rhombohedric and modification TIT crystals is obtained from 
isoamyl acetate. To obtain modification III in the pure state, the poly- 
butene was dissolved in benzene and then precipitated with methyl acetate. 
The x-ray spectrum of the pure modification IIT cbtained in this way con- 
forms to Figure 3 of reference (1). 

lor the purpose of the calorimetric measurement, the polybutene ITT 
powder was placed into the calorimeter under slight pressure. During this 
process a partial transition into the rhombohedric modification took place. 
The transformation had progressed somewhat further during the pressing 
of the sheet at 20°C. which was to be used for the dilatometric determina- 


tion. 

The atactic poly-1-butene was polymerized with a special Ziegler cata- 
lyst (titanium tetrachloride and alu» nium triisobutyl).* For purification 
the raw product was dissolved in boiling hexane, and the crystalline con- 
stituents which are separated on cooling were centrifuged. The isotactic 
material remaining in solution was precipitated by the addition of methyl 
acetate. The separated solution was evaporated to dryness. The poly-1- 
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butene thus obtained consists of the greater part of atactic material, but 
the isotactic (crystallizable) fraction could not be entirely removed. 
The molecular weight was relatively low, nepec/¢ = 0.66 dl./g." 


Results 


Calorimetric Measurements 


The state of the poly-l-butene powder (from benzene/methyl acetate) 
which is pressed into the calorimeter was not precisely known. The x-ray 
diagram permits a rough estimation which indicates that the crystalline 
fraction consists of equal parts of the rhombohedric and modification ITI 
crystals. A statement regarding the mass of the amorphous fraction is not 
possible. Determination of the density, which was very difficult indeed, 


gave values around 0.94 g. /em.* (+1%) at 20°C, 
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Fig. 1. Specific heat of poly-1-butene. The crystalline fraction of the sample consists 
in equal parts of the rhombohedric structure and the unknown modification IIT (at 20° 


C., rough estimate). Dotted curve.* 
igure 1 shows the result of the specific heat measurement. After a 


slight indication of glass transition below 0°C., the specific heat rises evenly 
with the temperature until 101°C. is reached. At this temperature, a 
transition of modification III into the tetragonal modification takes place. 
The height of the maximum is a measure of the magnitude of the heat of 
transition which can, however, not be evaluated quantitatively for the 
above mentioned reasons. The tetragonal modification begins to melt just 
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above the temperature of transition. The graph by Dainton et al.,’ 
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which is given for comparison, agrees with ours; one may, therefore, suppose 
that the polybutene available to these authors was available in a modifica- 
tion similar to ours. 

After the last measurement had been conducted on the melt, the calo- 
rimeter was switched off and allowed to cool. 

Crystallization mainly took place in the slow-cooling apparatus at 98°C. 
After a waiting time of 150 hr. at 20°C., the temperature was reduced to 
—50°C. and the specific heat of the rhombohedric modification thus formed 
was measured. Tl igure 2 shows that below 0°C. a glass transition ap- 
parently takes place; however, the exact transition point cannot be de- 
termined from our measurements. A maximum in the vicinity of room 
temperature, which was expected in accordance with the polypropylene 
results'®—'8 did not appear. The melting interval is remarkably clear-cut. 

After the measurements conducted on the melt, the calorimeter was 
allowed to cool in the same way as before, but only to 80°C. Thereupon 
the specific heat of the tetragonal modification obtained in this way was 
immediately determined. This modification melts at lower temperatures 
than the rhombohedric form. 

lor comparison, the specific heat of the predominantly atactic material 
was also measured (I’ig. 2) (sample heated to 150°C., slowly cooled as be- 
fore, and aged for 150 hr. at 20°C.). This sample also did not show a low 
temperature maximum but only a peak at 87°C., which is explained by the 
melting of the crystalline rhombohedric fraction. 

The enthalpies of the three samples examined were determined by graphic 
integration and also by summation of the electrical energy input. The 
results are shown in [igure 3; the zero point was chosen arbitrarily. 
The values for the heats of fusion given in Table IT are derived from igure 
3. In this case only the value for the rhombohedric form can claim greater 
accuracy. 

Extrapolation of the enthalpy curves was fitted to second degree polyno- 
mials determined by the method of least squares (lig. 3, dotted line). 

Rhombohedric material: H — Ho = 17.21 + 0.385¢ + 0.752 & 10~*2?. 
Rhombohedrie modification chiefly in atactic material: H — Hy = 21.24 + 
0.463t + 0.747 XK 10-*t?. For the tetragonal modification the extrapola- 
tion was made only graphically. 


TABLE II 
Results with Poly-1-butene 


Heat of fusion 


Density Cryst. é Melting 
at 20°C., fraction, Cal./g. of Cal. /mono- point, 
Structure g./em.? N sample mer unit 8 
Rhombohedral 0.9294 76.0 22.7 1675 134.7 
Rhombohedral 
(in atactic) 0.8795 13.0 3.6 1554 87.0 
Tetragonal 0.8745 76.08 13.2 974 121.5 
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Specific Volume Measurements 


The dilatometric examination of a pressed sheet is shown in Figure 4. 
Its crystalline constituent was present partly in modification III and partly 
in rhombohedrie structure. The transition is readily recognized by a 
distinct bend in the volume curve. <A second bend at 121.5°C. indicates 
the melting of the tetragonal modification. A quantitative evaluation of 
the graph is unfortunately not possible, since the weight fractions of the 


various crystalline components are unknown. 
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Specific volume of a pressed sheet of poly-1-butene III (pressing has caused 


partial transition into the rhombohedric structure). 


Fig. 4. 


The result of the dilatometric examination of the other samples is shown 
in Figure 5. The samples were pretreated in the same way as for the calori- 
metric measurements. The crystalline fraction of the polybutene can be 
calculated from the volume curves in Figure 5. The specific volume of the 
amorphous polybutene was obtained by extrapolation of the liquid line 
with a second degree polynomial.'* The specific volume of the pure crystal 
was taken from curve V, in Figure 5 which was drawn from a value reported 
by Danusso et al. (at 30°C.).'° Although a degree of randomness was in- 
volved in the choice of this curve, the result (ligure 6) is nevertheless quite 
reliable. The crystalline fraction of the poly-1-butene in its rhombohedric 
modification is constant over a very wide temperature range, and the melt 
interval is unusually narrow. ‘Taking a value of 76% (independent of the 
temperature) for the crystalline fraction, the heat of fusion of the com- 
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Fig. 5. Specific volume of poly-1-butene, samples as in Fig. 2 (different symbols denote 
different series of readings; dotted lines are calculated values) 


pletely crystalline substance is calculated to be AH, = 1675 cal./monomer 
unit. 

The value is substantiated by measuring the melting point depression. 
According to a theory of Flory and Mandelkern,” the equation for the rela- 
tionship between the melting point of mixtures and their chemical composi- 


tion is as follows 


l l 
Zw Te R at BV, Vv; ) 
Vv AH, V, RT» 
where 7’, = melting point of the mixture; 7’,,° melting point of the 


high polymer; R = gas constant; A//, = heat of fusion of the high polymer 
(calculated on 1 mole monomer); V, molecular volume of the monomer 
unit (at 7',,°); V,; = molecular volume of the solvent (at 7’,,°); v, = volume 
fraction of the solvent (at 7’,,); and B = constant. 

Extrapolation of the data in accordance with the equation given above 
(Fig. 7) results in the heat of fusion of the rhombohedric form as follows 


AH, 1730 cal./mono (using a-chloronaphthalene) 
AH, = 1576 cal./mono (using dibutyl maleate) 


It should be noted that the pure rhombohedric modification can only be 
obtained by using dibutyl maleate. When using a-chloronaphthalene, a 
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Fig. 6. Crystallinity (mass fraction) of poly-1-butene calculated from the values in Fig. 5 
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Determination of the heat of fusion of poly-1-butene from melting point depres- 


Fig. 7 
sion by the addition of a-chloronaphthalene or dibutyl maleate respectively. 


more or less greater fraction of modification 111 always crystallizes out. 
Agreement of the various values of heat of fusion indicates that the heat of 
fusion of modification III is of similar magnitude as that of the rhombo- 
hedric modification 

The heat of transformation (rhombohedric — tetragonal) is 1675 — 974 


701 eal./monomer unit. 


The authors would like to express their gratitude to Dr. A. Pebler for the numerous 


x-ray photographs 
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Résumé 


On a étudié la chaleur spécifique et le volume spécifique des différentes variétés cristal 
lines de polybuténe-1. La variété TTL dont la structure cristailine est encore inconnue a 
été obtenue par précipitation de la solution benzénique dans l’acétate de méthyle. A 
101°C, elle se transforme en phase tétragonale fondant A 121°5C. La chaleur spéci 
fique de la variété rhomboédrique, qui a été obtenue A partir du polymére fondu par 
refroidissement, suivi d’une conservation prolongée augmente régulitrement avec la 
température jusqu’au point de fusion. Par des mesures immédiates effectuées sur du 
polymére fondu et récemment refroidi, on a obtenu la chaleur spécifique de la variété 
tétragonale (du moins au-dessus de 80°C). Un produit fortement atactique, qui a été 
conservé durant une longue période, posstde une petite fraction de cristaux rhomboe 
driques fondant 487°C. Cette étude a été complétée par des mesures dilatométriques 
Partant des degrés de cristallinité ainsi obtenus, on a calculé les chaleurs de fusion et on 
les a comparées avec les valeurs provenant de mesure d’abaissement du point de fusion 


des mélanges. 
Zusammenfassung 


Is wurde die spezifische Wiirme und das spezifische Volumen der verschiedenen 
Kristallformen von Polybuten-1 untersucht. Die aus Benzol durch Ausfiillen mit 
Methylacetat erhaltene, in threr Kristallstruktur noch unbekannte Form IIT zeigte bei 
101°C eine Umwandlung in die tetragonale Struktur, die bei 121,5°C schmilzt Die 
aus der Schmelze durch Abkiihlen und langes Lagern erhaltene rhomboedrische Struktur 
zeigte einen monotonen Anstieg der spezifischen Wiirme bis zum Schmelzpunkt; dureh 
sofortige Messung eine frisch abgekiihlten Schmelze konnte auch die spezifische Wiirme 
der tetragonalen Form (wenigstens oberhalb +-80°C) erhalten werden. [in vorwiegend 
ataktisches, lange gelagertes Material zeigte bei 87°C das Aufsehmelzen der geringen, 
rhomboedrisch kristallisierten Beimengung. Die Untersuchungen wurden durch dilato 
metrische Messungen ergiinzt. Mit Hilfe des so gewonnenen Kristallinitiétsgrades 
wurden die Schmelzwiirmen berechnet und mit Werten verglichen, die sich aus Messun 


gen der Schmelzpunktsdepression von Gemischen ergeben 








€ 





a 


=o 


LEO 5 FLL PLE LELA, IDOE EAP IRIE 








JOURNAL OF POLYMER SCIENCE: PART C NO. 6, PP. 43-51 (1964 


Differential Thermal Analysis of Polybutene-1 


BERT H. CLAMPITT and RICHARD H. HUGHES, Research and 


Development Department, Spencer Chemical Company, Merriam, Kansas 


Synopsis 

The three polymorphic forms of polybutene-1 may be easily characterized by DTA: 
Form I has a DTA peak near 132°C.; Form II has a peak near 118°C.; and Form III 
has doublet peaks at 104° and 118°C. The kinetics of the room temperature trans- 
formation of Form II to Form I have been qualitatively investigated by DTA. The 
results indicate: (1) the thinner the film the faster the conversion rate and (2) the 
greater the catalysis residue in the system, the faster the conversion to Form I. The 
doublet in the Form IIT thermogram is due to the fact that the 104°C. transition corre- 
sponds to a phase change III to II with the 118°C. transition merely being the norma! 
melting transition of Form Il. Indeed, it is possible to heat Form III polybutene to 
110°C., quench; and on standing it is found that the product has reverted to Form | 


Introduction 


Polybutene-1 (PB) is unique among the polyolefins in that it exists in 
three polymorphic forms. This polymorphic behavior of PB was first re- 
ported by Natta et al.,' and the x-ray and density properties of the various 
crystal forms of PB were subsequently studied by Zannetti et al.? Re- 
cently Boor and Mitchell’ further characterized two of the polymorphic 
forms of PB by several techniques including infrared (IR) and differential 
thermal analysis (DTA). The results presented in the present paper gen- 
erally confirm the data of previous workers, but extend the DTA and IR 
measurements to include all of the crystal forms of PB, and indicate several 
new aspects of the kinetics of the various polymorphic transformations. 

Following the nomenclature of previous workers, the three crystal forms 
of PB may be prepared as follows: (/) Form 1: This form is apparently the 
thermodynamically most stable form and can be prepared by melting a PB 
sample, cooling, and allowing the sample to stand for a long time at room 
temperature; (2) Form II: This is an unstable form of PB and is the form 
that is first present when a sample is quenched from the molten state. 
(3) Form III: This is also a very stable form of PB and is prepared by pre- 


cipitating PB from solution. 
Experimental 
Materials 
The PB samples used in this research were experimental resins prepared 
with a Ziegler type catalyst system and possessing the characteristics listed 
in Table I. 
43 
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TABLE 1 
Physical Properties of Polybutene Samples 
Log 
Sample Density (g./ee.)" viscosity no 
L4SS 0.9156 3.437 
Zi2 0.9254 2.071 
1275 0.0404 2.912 


» 


‘ Measured 10 days after preparation of sample 


Apparatus 


\ Perkin Elmer Model 221 spectrophotometer was used in all the IR 
Investigations. 

DTA Apparatus: The construction of the D'TA apparatus used in these 
experiments was described previously.4 A heating rate of 2.4°C./min. was 


used, and the sample size was 0.7 g. in all cases 


Sample Preparation 


Three types of samples were used in this study: cast, film, and powder 
samples. The cast samples were prepared by placing a sample in the sam 
ple holder (deseribed in reference 4); melting at 190°C, for 10 min., and 
compressing by hand with a Teflon plunger. This gave a compact, bubble- 
free sample which was reheated for 5 min. at 190°C. prior to placing the 
thermocouple in the molten polymer. The system was then rapidly 
cooled to room temperature by placing the sample holder in the cool DTA 


bloek i 

l‘ilm samples were used in both IR and DTA studies. In the case of the 
DTA studies, the films were tightly wrapped directly around the thermo- : 
couple and then placed in the sample tube. Form IIT films were prepared 
by dissolving PB in trichloroethane (5 g./ 100 ec.) and laying down a film on 
a glass plate which was allowed to air dry at room temperature. After 


evaporation of the solvent, the film was removed from the glass plate. 
Phis gave an opaque film which had the characteristic Form IIT x-ray pat 
tern. Form II lms were made by heating a sample, contained between 
mylar, to 150°C. and applying 20,000 psi pressure. ‘The pressure was re 
leased while the polymer was still molten and the mylar was removed from 
the press and allowed to rapidly cool to room temperature. Form T films 
were Form II films which had been allowed to stand at room temperature 
for a week 

\s received the samples used in these studies were powders. (If, how 


ever, the material is not a powder, it may easily be obtained in this condi t 
tion by dissolving the PB in benzere and adding methanol to precipitate f 
the sample.) Powdered samples were compressed directly in the DTA ' 


sample tube with a Teflon plunger and the cold thermocouple inserted 


directly in them 
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Results and Discussion 


The IR curves of the various forms of PB are given in Figures 1 through 
3. Of particular note in Figure | are the bands at 12.5, 11.8, 10.85, and the 
7.5 w doublet, all of which appear to be specific to Form I. The Form I] 
spectra shown in Figure 2 do not contain the bands listed previously, but 
do show a new band at 11.05 4 which appear to distinguish it from Form | 
PB. The difference between the Form III spectra, shown in Figure 3, and 
the other forms is more subtle. Nevertheless, the triplet near 7.5 « and 
the absence of a band 10.0 uw, appear to be peculiar to Form III. The 
intensities of the 7.75 and 9.82 u bands are stronger than in the other 
forms. It is sufficient here to point out that differences in the IR spectra 
of the three forms do exist, and that it is possible to identify which form of 
PB is present from the IR spectra of the sample. 

The other method used to identify the various forms of PB is DTA, with 
thermograms of the various forms being depicted in ligures 4 and 5. In 
igure 4, the 118°C. peak is characteristic of PB in Form Il; whereas the 


131°C. peak is characteristic of Form 1. The thermogram of pure Form 
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Fig. 2. IR spectra of Form LL polybutene 
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Fig. 3. IR spectra of Form III polybutene. 
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Fig. 4. Thermograms of polybutene no. 1272. 


II] PB, shown in Figure 5, is different from the others in that two endo- 
thermic peaks are present—one at 104°C. and the other at 118°C. 

As Figure 4 indicates, Form II slowly converts to Form I on room tem- 
perature annealing; however, it soon became apparent that the rate of con- 
version as measured by IR on film samples and by DTA on cast samples 
were not the same. The question then arose as to the cause of the different. 
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Fig. 5. Thermograms of Form III polybutene no, 1272. 
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Fig. 6. Thermogram of polybutene no, 1272. 
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rates, and it was suggested that it was perhaps due to the thickness of the 
sample. In order to check this possibility, film samples were prepared and 
the rate of conversion measured by both IR and DTA. The measured 
rates on the film samples were the same by both methods and clearly in- 
dicated that the thinner the film, the faster the conversion rate. Indeed, 
this was confirmed by further IR studies on films of various thickness. 
The effec? of film thickness on conversion rate is perhaps best seen in l’igure 
6 where DTA curves of a cast sample and a film sample both annealed for 
16 hr. at room temperature are shown. In the cast sample, the 181°C. 
peak is barely present; whereas in the film sample, the 131°C. peak is larger 
than the 118°C. peak. 

Boor and Mitchell’ reported somewhat similar effects of film thickness; 
however, they felt that it might be due to orientation effects. As all of 
our samples, film and cast, were heated to at least 150°C. and were not 
cooled under pressure, it is difficult to see how orientation could be of major 
importance. This point was, however, checked by examining the films 
through crossed polaroids and by polarization studies on the IR instru- 
ment. These results indicated slight orientation in the plane of the film, 
but the extent appears to be very small, and to be independent of film 
thickness. It would appear, therefore, that the kinetic changes associated 
with film thickness are more complex than can be explained by orientation 
phenomena alone. 

Another interesting aspect of the conversion of Form II to Form I be- 
came apparent in the study of the conversion rates of different PB samples. 
Indeed, it was found that the conversion rate is dependent on the amount 


of ash in the sample. 


Sample ‘ Ash Conversion rate 
1488 (0) slow 
272 1.2 fast 
1275 2.6 very fast 


l‘rom these data it appears that the greater the catalyst residue in the sys- 
tem, the faster the conversion rate. It does not appear that the catalyst 
residue acts as crystallization centers for the conversion, because various 
amounts of aluminum oxide (100 mesh) were added to sample 1488 with- 
out altering the conversion rate. It might also be argued the molecular 
weight of the sample is causing the observed kinetie effects with the ca- 
talysis residues being only an artifact of the system. The viscosity data 
given in Table I eliminate this possibility. At present it is not clear what 
the function of the catalyst residue is or even if it is primarily responsible 
for the observed phenomenon. 

The thermogram of Form III PB shown in Figure 5 is unique in that it is 
the only DTA curve of an alpha olefin that has more than one peak. The 
thermogram is independent of whether the sample is run as a powder or a 
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Fig. 7. Thermogram of powdered polybutene no. 1272 


film, both as to the position and size of the endotherms. The 104°C. peak 
is presumably characteristic of Form III; while the 118°C. peak has been 
previously identified as characteristic of Form II. It is difficult to believe 
that part of the sample exists as l’orm II since it should all decay to Form 
I. It therefore seems possible that the 104°C. transition corresponds to a 
phase transition of II] to Il which then melts at its normal temperature of 
118°C. Because of the rapid heating rate, l’orm IT does not have time to 
decay to the most stable form (i.e., form 1). To give some support to this 
hypothesis, the experiment depicted in Figure 7 was carried out. In this 
experiment a Form III sample was heated until the 104°C. transition was 
completed, and at this point the sample was quenched and let stand at 
room temperature for a week. It was then rerun and the '4°C. peak was 
not observed; the Form II 118°C. peak was greatly reduced; and a new 
peak at 132°C., the Form I peak, became the major peak. These results 
give strong support to the hypothesis that the Form II peak is observed in 
solution precipitated samples only because it is formed from the decom- 
position of Form III. Similarly, IR results on samples heated to 110°C 
show only Form II to be present; while visual observation of the samples 
heated to 110°C. indicgte that the samples do not melt and indeed no visible 
change occurs at this temperature, 
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The area under a DTA peak is proportional to the heat of transition, and 
values for some of the systems depicted in Figures 4 through 7 have been 
tabulated in Table II. From Figure 4 it appears that lorm I has a higher 
heat of transition than Form II. It is not clear at present whether this 
means the system is more crystalline when it all reverts to Form I, or 
whether the two states have the same crystallinity but different heats of fu- 
sion for the various pure crystal forms. Table II indicates that Form II PB 
made by the decomposition of Form III has a higher heat of transition 
than the same crystal form prepared by quenching molten PB. This is 
further reflected in higher heats of fusion of Form I PB derived from a 
Form III source as opposed to that derived from a molten source. These 
results apparently indicate that a more crystalline PB Form I state can be 
derived from decomposition of Form III than ean be derived by cooling from 
the melt. 


TABLE 1] 


Heats of Transition 








Figure no. PB form T (°C.) AH (cal./gm.) 
etl $A Il 118 11 
4C I 131 21 
5 Ill 104 20 
Il 118 ; 15 
7B ] 131 26 


The authors wish to express their appreciation to Mr. Nathan Scarritt and Mr. 
Charles Harris for much of the experimental work. Thanks are also expressed to Mr. 


Dale German for stimulating discussion of the results and to Dr. H. D. Anspon for en- 
couragement in this program. 
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Résumé 


Les trois formes polymorphes du polybuténe-1 peuvent aisément étre caractérisées 

par DTA: la forme I posstde un pie DTA vers 132°C; la forme II a un pie ver 118°C 

et la forme III posstde un doublet A 104° et 118°C. Les cinétiques de transformation A 

, température de chambre de la forme II en forme I ont été étudiées qualitativement par 
; DTA. Les résultats montrent: (7) plus le film est mince, plus rapide est la vitesse de 
conversion et (2) plus le résidu de catalyseur dans le syst?me est grand, plus la conversion 

f dans la forme I se fait rapidement. Le doublet dans le thermogramme de la forme ITI 
est di au fait que la transition 4 104°C correspond 4 un changement de phase de la 
forme III en II, la transition 4 118°C étant simplement la transition de fusion normale 
de la forme II, En effet il est possible de chauffer 4 110°C la forme IIT du polybuténe; 
en la refroidissant et en la laissant reposer on trouve que le produit s’est retransformé 


en forme I. 
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Zusammenfassung 


Die drei polymorphen Formen von Polybuten-1 kénnen mittels DTA leicht charak- 
terisiert werden: Form I besitzt ein Maximum in der Niihe von 132°C, Form II in der 
Niihe von 118°C und Form IIT hat ein Doppelmaximum bei 104° und 118°C. Die 
Kinetik der Raumtemperaturumwandlung von Form IT in Form I wurde qualitativ mit 
DTA untersucht. Die Ergebnisse zeigen, dass (7) die Umwandlungsgeschwindigkeit 
um so grésser, je diinner der Film und (2) je grésser der Katalyseriickstand im System, 
um so rascher die Umwandlung zu Form I ist. Das Dublett im Thermogramm der 
Form III kommt dadurch zustande, dass bei 104°C die Piasenumwandlung von III 
zu II und bei 118°C die normale Schmelzumwandlung von Form II stattfindet. Es ist 
tatsiichlich méglich Polybuten, Form III, auf 110°C zu erhitzen und abzuschrecken, 
wobei beim Stehen sich das Produkt als riickgebildt zu Form I erweist. 





SRO 518 eT RDS RT RE EE mE oe ce VS Be a a2 









JOURNAL OF POLYMER SCIENCE: PART C NO. 6, PP. 53-64 (1964) 


A Differential Thermal Analysis Study of the 


Effects of Thermal History on Polyethylene 


H. W. HOLDEN, Central Research Laboratory, Canadian Industries 
Limited, McMasterville, Quebec, Canada 


Synopsis 

The melting and crystallization behavior of polyethylene samples has been investi- 
gated by differential thermal analysis (DTA), with special emphasis on the effects of 
thermal conditioning on the crystalline state of the sample. Techniques are outlined for 
impressing a wide variety of thermal histories on the sample in the DTA cell. In particu- 
lar, the use of an annealing procedure is shown to provide a significant evaluation of the 
extrapolated value of the equilibrium melting temperature, combined with a rapidity 
not possible by the dilatometric method. Theoretical implications of the various pro- 
cedures and results are briefly discussed. Critical examination of the fine structure ob- 
served in the melting thermograms leads to the conclusion that under certain conditions 
crystallites originating from both heterogeneous and homogeneous nucleation can be de- 
tected. The temperature rise associated with very fast crystallization is considered to 
influence the subsequent. melting temperature more significantly than the effects of re- 
crystallization during the actual melting cycle. Some illustrations are given of the gen- 
eral usefulness of the conditioning procedures in clarifying phenomena observed with var- 


ious samples. 
Introduction 


Differential thermal analysis (DTA) has been used extensively to study 
the melting behavior of semicrystalline polymers.'~* ‘The importance 
of thermal history on the crystalline state of such polymers is well known 
and its detection by DTA has been demonstrated by Coste! and more 
recently by Ke* and Wyckoff.‘ Studies in this laboratory have been 
‘arried out on a range of polymers, with thermal history and its influence 
on physical properties primarily in mind. 


Experimental 


The characteristic .2ature of the present apparatus design is a cell holder 
which can be readily subjected to a variety of heating and cooling opera- 
tions. 

in addition, attention was given to the following factors in thermocouple 
design: since rigidity for symmetry and reproducibility took precedence 
over signal sensitivity (which was more than adequate with the Liston- 
Becker Model 14 preamplifier used), 22 gage bare chromel and alumel wire 
was selected; since fast response time was necessary for high resolution, 
the thermocouple junction was confined to the area produced by spot- 
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welding the singly-crossed wires and grinding off all excess meta]. With 
a cell containing the typical charge of 20 mg. of sample and 200 mg. of 
diluent, heated at 3°C./min., the return-to-baseline after detecting a first- 
order transition occurred in less than a minute. Thus in a favorable case 
(sharp-melting components) the system is capable of separating peak 
maxima about 1°C. apart. 

Because of variations in the use of the term, it is necessary to define 
annealing, as used in this paper, as exposure of the sample to a temperature 
program which (as interpreted by subsequent melting behavior) does not 
‘ause a total disappearance of measurable crystallinity at the maximum 
conditioning temperature. The annealing operations in the early stages 
of this work were carried out by manual adjustment of an autotransformer 
input to an oven which was constructed from a thick cylindrical tube of 
brass. Rapid-response corrections could be made by adjusting the posi- 
tion of the cell along the vertical axis of the oven. As the method devel- 
oped, a linear-drive auto-transformer power source was installed to give 
essentially linear heating rates, and a thermoregulator unit was included 
to permit switching over from linear heating to constant-temperature 
operation without overshoot. The whole thermal history of the sample 
is directly recorded by means of the sample thermocouple which is part 
of both the differential and cold-junction measuring circuits. This ther- 
mocouple was calibrated against a secondary standard, permitting temper- 
atures to be reported to an accuracy of +0.1°C. 

The cell holder, essentially that described by Rudin, Schreiber, and 
Waldman,’ was particularly well-suited for impressing various cooling 
histories on the samples. ‘The natural cooling rate of the furnace assembly 
is about 3°C./min., but by reversing the motor driving the autotransformer 
supplying the furnace power, rates as low as 0.1°C./min. were obtained. 
By plunging the hot cell holder into chipped ice, cooling rates of 150- 
180°C./min. were consistently recorded through the freezing range of 
the samples. 

Results and Discussion 


Figure 1 shows some representative thermograms obtained with a 
two-pen record of 7’ and (—A7’) versus time, arising from samples with 
various thermal histories. Dotriacontane is included to indicate the resolu- 
tion attainable with the apparatus. 

An interesting feature of this study is the occurrence of reproducible 
fine structure in a great number of the thermograms. When polymer P 
(a Phillips-type linear polyethylene having J/, 12,000, 17, 90,000) was 
pressed in a frame 0.010 in. thick and shock-cooled from 150°C. in ice- 
water, the resulting sample (pulverized on a Wiley mill with a large excess 
of solid CO.) gave rise to a double peak (shown in Figure 1b). The resolu- 
tion of the two features was somewhat reduced when the rapid cooling 
was carried out in the cell itself, probably because of less efficient heat- 
transfer; nevertheless the fact that both peaks were obtained by even 
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Fig. 1. Representative thermograms for melting runs. A7’ and 7’ records versus time 
are shown (arrows correspond to upper temperature limits of preceding annealing cycles): 
(a) Dotriacontane (thermocouples uncalibrated); (6) polymer P; (c) polymer P; 
(d) polymer Q; (e) polymer Q. 


the latter method in two different environments (i.e., with two different 
diluents) indicates that it is a property of the polymer resin rather than 
of any interfacial nucleation sites. 

The small, fully-resolved peak of Figure 1c is an extreme illustration of 
the effect of annealing (at a temperature corresponding to that marked by 
the arrow), followed by quenching of polymer P in the cell. The tempera- 
ture was raised from 130 to 133.2°C. over a period of 23 min., then rapidly 
cooled; that portion of the sample which was liquid at the end of that period 
crystallized at a lower temperature because of the competition in rates 
of cooling and crystallization. 
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Polymer Q which gave rise to the thermograms in Figures ld and le 
is an intermediate density high-pressure polyethylene molding resin of 
melt index 20 (19.3 methyl groups/1000 carbon atoms). When rapidly 
cooled in the cell, the sample produced a melting curve with two well- 
defined peaks and a large apparent shift in baseline. Low-temperature 
annealing changed the thermograms in such a way as to confirm the occur- 
rence of melting over a very wide temperature range, and to reveal that 
the long sloping featureless region was actually a part of the melting peak, 
and not baseline. The cor;re of actual baseline variation could be dem- 
onstrated as in Figure le by a series of annealing cycles at successively 
lower temperatures. Without the use of this procedure, heat-of-fusion 
determinations of such polymers are subject to the large errors indicated by 
the hatched area under the curve in Figure ld. The largest amount of 
baseline shift is observed, as might be expected, near the end of the melting 
where the highest rate of loss of sample crystallinity occurs. 

In the investigation of the annealing phenomena, annealing time showed 
a strong influence on the relative areas of peaks observed on subsequent 
melting, as expected; it was found, however, that the duration of anneal- 
ing had a low-order effect on the temperatures of the peak maxima. The 
highest temperature attained in a conditioning cycle can therefore be used 
as the independent variable in a graphical summary of results, as shown in 
Figure 2. Data are also included for conditioning of the sample at tem- 
peratures well above the melting point (not annealing in the sense used 
in this paper), to show the lack of any effects except in a short tempera- 
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ture range B-C near the melting point. The reference line A plotted in 
Figure 2a and 2b is defined by the relation 


T (melting peak) = 7' (conditioning temperature) 


Annealing followed by quench cooling frequently led to the resolution of 
two peaks producing a point above and a point below this line (Fig. 1c). 
Finally, the results are grouped according to the distinct differences 
produced by different rates of cooling, both from the melt and at the end 
of annealing. The study of samples cooled at the maximum rate was more 
extensive than for slower rates of cooling because of the better resolution of 
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Fig. 2. Influence of thermal conditioning on melting peak temperatures: (a) Polymer 
P: (i) (A) melt cooled at 0.3-0.5°C./min.; (ii) (@) melt cooled at 2.7-3.3°C./min.; 
(iii) (@) melt cooled at 150-180°C./min., principal peak; (iii’) (O) melt cooled at 150 
180°C./min.; minor peak; (6) polymer Q (with curves (iii) and (iii’) for polymer P 
recopied). Experimental points coded as in Fig. 2a. Since the components of the 
i double peak were of comparable size, both are plotted as principal peaks. 
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detail and the shorter times required. The temperature of the principal 
peak for polymer P shifts 3.8°C. with extremes of cooling rate; on the other 
hand that for polymer Q remains virtually independent of cooling rate even 
though the actual peak shape changes very markedly. 

The temperature coefficient of the rate of crystallization of linear poly- 
ethylene is so large, that shifts in peak temperature due to annealing are 
confined to a five-degree temperature range—a situation which taxed the 
precision of the manual procedures to its limit. Only those measure- 
ments based on quenched samples are numerous enough to permit an esti- 
mate of the equilibrium melting point by extrapolation, and they show 
enough scatter to introduce considerable uncertainty, giving a value of 
137.3 + 0.7°C. 

The peak temperatures corresponding to maximum differential signal 
at the thermocouple cannot strictly be identified with the disappearance of 
the last crystals in the sample. As the sample is annealed at higher tem- 
peratures, the surviving crystallites are more and more uniform, and the 
discrepancy vanishes. ‘The effect of any discrepancy would be a slightly 
high value of the slope of the line through the points corresponding to an- 
nealing-peaks. As drawn the slope is 0.62 with an estimated uncertainty 
of +0.1 (compared to a reported value of 0.5, as quoted in ref. 4). The 
sparse results for the melting peaks obtained by different sample pretreat- 
ment suggest that lines of different slope might be generated, as pre- 
dicted by the kinetic theory of Hoffman and Weeks,’ but further work 
would be required to confirm this. 

The cooling following annealing of polymer P in the temperature range 
B-C brings about the rapid crystallization of that portion of the sample 
which was liquid at the end of the annealing period. The corresponding 
melting peak is fairly well resolved for the highest rates of cooling; for 
slow cooling the only observable feature is a sharp break in the curve of 
the main melting peak. After formalized assignment of peak tempera- 
tures in the latter case, it is apparent that a much weaker dependence of peak 
temperature on cooling rate is obtained in this temperature range than 
elsewhere. Presumably crystallization is accelerated by the large numbers 
of surviving nuclei which shows that primary nucleation is a rate-controlling 
crystallization process. The most extreme example is represented by the 
point D on Figure 2, produced by annealing cycles with a top tem- 
perature near 134°C., which show no peaks to signify the survival of erystal- 
lites, but only a single melting peak having a higher temperature than 
normally obtained following quenching. 

Using the operational definition of the melting point as the temperature 
at which the last detectible trace of crystals disappears,*® then the conven- 
tional interpretation of DTA curves would indicate that no crystallinity 
was detected in this sample above 135°C. The portion of the curve at 
1 less conventional way in which the survival 


D, however, represents ¢ 
of erystallites zs in fact detectible up to temperatures above 137°, with a mini- 





c 
v 
‘ 


Seer 


RS Es 
rer - - Ee OP 5 eR oy Te as 








oe Wao 


THERMAL HISTORY ON POLYETHYLENE 59 


mum of extrapolation required. The extrapolation procedure’ is to be pre- 
ferred on a theoretical basis for establishing a thermodynamic equilibrium 
point, but the curve at D supplies further strong experimental justification 
for the procedure. 

Curves 7, iz, and 777 extend only a short distance along the line A, since 
the polymer is chemically quite uniform, Fractionated samples of poly- 
mer P have been obtained and studied briefly. The lowest molecular 
weight fraction (1/7, approximately 3600) generated a double melting peak 
with characteristic temperatures (following crystallization at 150°C./min.) 
of about 111 and 125°C. Since these peaks are not greatly modified by 
different modes of cooling, it is likely that they represent chemically dif- 
ferent species, present in small amounts in the parent polymer. 

One high molecular-weight fraction was studied (J/,, by light scattering 
in a-chloronaphthalene at 140°C.: 400,000) which indicated, in the manner 
described above, the survival of crystallites above 140°C. (cf. refs. 10 and 
11), although the highest melting crystallites obtained in measurable quan- 
tity by annealing melted at 137.3°C. The melting peaks exhibited much 
of the doublet structure previously described, during melting and crystal- 
lization runs even at 3-4°C./min. In melting runs following quenching, 
the doublet as well separated. The greatly increased breadth of the peak 
following quenching (and perhaps the other effects also) can be related to 
the low chain mobility in the very viscous melt. 

The contrast with high-pressure polyethylene is brought out once more 
in Figure 2b, by the more gradual changes which are indicated for the 
curves of polymer Q. The maxima resulting directly from annealing gen- 
erate a line which intersects the reference line A only after a long extrapo- 
lation beyond the point F. (The point / is anomalous only in that it 
represents a broad unresolved pair of peaks belonging to the adjacent 
curves.) Since the peak represented by F was very small, it is likely that 
crystallites could be obtained at a higher temperature only with great 
difficulty. On the other hand the comparatively long curved section at 
G suggests that some crystallite nuclei survive up to temperatures of 121°C. 
but are readily destroyed beyond this temperature. 

The equilibrium melting temperature defined from the extrapolated Jine 
is probably the same as for linear polyethylenes. The difficulties encoun- 
tered with kinetic analysis of crystallization rates of branched polyethylenes 
lie in establishing the amount of supercooling in relation to a real or a fie- 
titious equilibrium process. The results presented here suggest that this 
process is identical with that for completely unbranched polyethylene, and 
gives conceptual support for the imperfect crystal model in preference to the 
two-phase model of low-melting polyethylene. '* 

The nature of the fine structure exhibited in the melting curves must 
be examined critically. There are a number of experimental facts which 
all but rule out the possibility of instrument interference. In the first 
place the relative importance of the peaks varies greatly from resin to resin 
(of several dozen examined), but remains remarkably reproducible for 
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Fig. 3. Influence of heating rate on peak temperatures (polymer Q; melt cooled at 
150-180°C. /min. ). 


repeated samplings of each. Polymers P and Q were studied using 45-60 
mesh borosilicate glass and Dow Corning Silastic Gum 400 as diluent, with 
essentially identical results; this would indicate that the diluent does not 
play a significant part in the nucleation of crystallization. 

The shape of polymer Q melting curves suggests the possible explanation 
that the low-melting crystallites undergo rapid recrystallization to produce 
the minimum before the high-melting peak. If this were t!.. ease, the peak 
temperature could be expected to show a strong dependence of the heating 
rate; at slow rates the recrystallization would take place sooner causing 
the false low-melting peak to be shifted to a much lower temperature 
because of the simultaneous exothermic reaction. Figure 3 shows that the 
experiments do not support this hypothesis; all changes in the appearance 
of the compound peak could be attributed to the fixed thermal relaxation 
time (time to return to baseline at the end of the exothermic process) of the 
instrument while the very smal] variations in peak temperatures show the 
opposite trend to that predicted. 

It is reasonable to conclude that the fine structure observed is charac- 
teristic of the sample, and that when it is observable only after a very rapid 
cooling of the melt it is brought about by the occurrence of two types of 
crystallization process. Under such crystallization conditions it is un- 
likely that differences in chemical species could account for the effect. 
The extensive evidence for crystal nucleation at heterogeneities'*—"* gains 
further support from the present results. The stability of the sites is con- 
firmed by the apparent invariance of crystallization behavior even when 
the melts are kept at elevated temperatures for long intervals before 
crystallization. The presence of doublet peaks, however, indicates that in 
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the non-isothermal crystallization of rapid cooling, two mechanisms occur 
ether simultaneously or consecutively. It seems reasonable to identify 
wese mechanisms with heterogeneous and homogeneous nucleation, in 
agreement with the recent work of Cormia, Price, and Turnbull.'® The 
temperature spread (130.3-133.3°C) for the two peaks in quenched poly- 
mer P is the same as that reported by them for the melting of the two types 
of spherulitic structures, and by Wunderlich and Kashdan‘ for bulk-crystal- 
lized and solution-crystallized linear polyethylene (129 and 132°C.). 

The crystallization following homogeneous nucleation with high super- 
cooling takes place extremely rapidly. It is possible to calculate from pub- 
lished data that the latent heat released by the adiabatic crystallization of 
supercooled polyethylene is sufficient to heat the sample 50-80°. Thus 
experiments carried out by quenching or under nominally isothermal con- 
ditions with large supercooling will produce crystallites in a very rapidly 
rising local temperature environment. This could account for the fact that 
the crystals nucleated at a low temperature 7’, do not melt at the low tem- 
perature theoretically predi_ted for complete crystallization at 7. Such 
an explanation is more acceptable, at least in the bulk crystallization case, 
than the idea of melting and recrystallization during the heating DTA run, 
since experiments showed that significant variations in the shape of the low 
temperature side of the DTA peaks could be ‘‘annealed in” reproducibly 
at temperatures below 120°C. At a lower temperature any recrystalliza- 
tion of melt produced from very imperfect crystallinity would be so rapid 
that an exothermic signal would be expected because of the higher stability 
of the new crystals formed. 


Other Applications of Sample Conditioning in the DTA Cell 


Apart from the straightforward use of the annealing procedure to confirm 
the existence and estimate the intensity of very diffuse melting peaks, two 
examples will serve to illustrate more specialized applications. Figure 
4 shows melting curves for a 1:1 blend of a Ziegler-type and a low-density 
polyethylene before and after annealing (continuous and dashed curves 
respectively). The high-temperature peak is 30% narrower (at half- 
height) and lies at a temperature 3-4°C. lower than that of the undiluted 
component. Below the normal melting temperature of the linear poly- 
ethylene the melt system may be considered as a supersaturated solution 
with the low melting constituent acting as solvent; thus the greater amount 
of supercooling necessary for crystallization leads to lower-melting crystal- 
lites. These show evidence, however, of a greater uniformity because of 
the greater mobility of the chains during this stage of the crystallization. 

The low-temperature peak, on the other hand, is severely modified by 
the residues of late crystallizing linear polymer. The melting transforma- 
tion, furthermore, takes place in the complete temperature interval be- 
tween the normal melting ranges of unmixed constituents. By the use of 
the annealing cycle in this temperature interval, subsidiary peaks (of a 
type completely absent in high-density polyethylene alone) can be gen- 
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Fig. 4. Thermogram for 1:1 blend of Ziegler-type and low-density polyethylenes. 
Melt cooled at 3°C./min.; dashed curve shows changes produced by annealing at tem- 


peratures indicated by the arrows. 


erated. While it is impossible to speak of an equilibrium process at the 
annealing temperature, it is clear that crystallization has occurred during 
annealing to a more highly ordered and stable state, while nevertheless 
incorporating into the crystal structure a proportion of the highly branched 
molecules which cannot be obtained unmelted at that temperature except 
when blended. (This conclusion is at variance with the interpretation of 
Clampitt.®) In any practical process involving finite cooling rates, this 
spectrum of mixed crystal structures will play an important part in deter- 
mining the physical properties of the blend. 

In plastics technology, the testing of semicrystalline materials is compli- 
cated by the lack of reproducibility of samples, largely due to the strong 
influence of thermal history on the crystallite morphology. While an- 
nealing would appear to offer a reliable way of standardizing the results, 
examination of DTA annealing results for low density polyethylenes leads 
to the very opposite conclusion. ASTM test method D1693-59T requires 
the sample to be conditioned for one hour at 100°C. in water or steam, but 
in practice the procedure is to use boiling water regardless of atmospheric 
pressure variations. DTA shows that depending on the nearness of the 
main melting peak to 100°C., and on the normal variations of the boiling 
point, the crystallite distribution of one resin or a group of resins may be 
affected to a small or to a very great extent. Iurthermore since the melting 
peak of high pressure polyethylenes is in practice at least a few degrees 
above 100°C. the annealing procedure is incapable of influencing that pro- 
portion of crystallites which may most strongly reflect uncontrolled varia- 
tions in the original crystallization. Therefore, a more recently adopted 








Sra eer 


Se ee 


TST TE Te EN ee 





THERMAL HISTORY ON POLYETHYLENE 63 


conditioning procedure (ASTM D1928-62T) of cooling the sample molding 
according to a strictly regulated schedule from a temperature well above 
its melting point, offers a preferred means of standardizing the crystal tex- 
ture of semicrystalline specimens. 


Appendix: The Use of DTA for Calorimetric Measurements 


The analysis of Boersma” which assumes attainment of a high degree of 
symmetry in the DTA cell (ef. ref. 18) predicts a loss of sensitivity, with- 
out loss of detail, in the case where the thermocouple leads provide a sig- 
nificant path for the conduction of heat into the centre of the sample. When 
adapted to the present apparatus, the treatment leads to the following for- 
mula for peak area (of the A7' versus time curve): 


A = K,/(k\X + mA) 


q 


where K is a geometrical coefficient, g is the heat absorbed per unit volume, 
and k\ and mA are terms dealing with the relative proportions of heat con- 
ducted by the powdered sample-diluent and the thermocouple leads, re- 
spectively. It is estimated for the present cell-thermocouple system 
that about 60% of the heat conducted to the thermocouple junction comes 
through its leads. 

Any attempt to calibrate the system with a calorimetric standard will 
involve predictable shifts in thermal] conductivity \, and uncontrolled varia- 
tion of the packing coefficient k, since the texture of highly crystalline 
standards varies widely, and is quite unlike representative polymer samples. 
Therefore, one approach to cell-design for measuring heats of transition by 
peak area would eliminate as far as possible the importance of conduction 
through the sample. This would account for the relative success of early 
attempts to perform calorimetric measurements, where bulk polymer sam- 
ples and relatively massive thermocouple assemblies were used. With the 
growth of interest in instruments of high resolution and short response time, 
where a more faithful representation of the temperature-dependence of the 
melting process is sought, great care must be exercised to be sure that the 
boundary conditions of the heat-flow equations are reliably known, both 
during and after the melting process. 

The author is pleased to acknowledge the many helpful discussions with Dr. 
A. Rudin during the course of this work. 
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nésumé 


On 2 étudié le comportement a la fusion et A la cristallisation d’échantillons de poly- 
éthyléne par analyse thermique différentielle (DTA) en examinant spécialement les 
effets du conditionnement thermique sur I’état cristallin de l’échantillon. On a dé- 
veloppé des techniques en vue d’appliquer une large variété de traitements thermiques 
a l’échantillon dans la cellule DTA. En particulier on a montré que l’emploi d’un 
procédé de recuit fournit une évaluation significative de la valeur extrapolée de la tem- 
pérature de fusion 4 l’équilibre, cornbinée avec une lité qui est impossible par la 
méthode dilatométrique. Wes données théoriques d ifférents procédés et des ré- 
sultats ont été brivement discutées. L’examen critique de la structure fine, observée 
dans les thermogrammes de fusion, conduit 4 la conclusion que sous certaines conditions 
on peut détecter des cristallites provenant d’une formation de noyau hétérogéne et 
homogéne. On considére que |’élévation de température associée 4 une cristallisation 
tres rapide influence la température de fusion subséquente d’une fagon plus importante 
que les effets de cristallisation pendant le cycle de fusion. Quelques illustrations sont 
données de l’utilité générale des procédés de conditionnement en clarifiant les phén- 
oménes observées pour divers échantillons. 


Zusammenfassung 


Das Schmelz- und Kristallisationsverhalten von Polyiithylenproben wurde mittels 
Differentialthermoanalyse (DTA) mit besonderer Beriicksichtigung der Einfliisse der 
thermischen Konditionierung auf den kristallinen Zustand der Probe untersucht. 
Verfahren zum Versehen der Proben in der DTA-Zelle mit verschiedenartigen ther- 
mischen Vorgeschichten werden beschrieben. Im besonderen wird gezeigt, dass ein 
Temperungsverfahren eine Ermittlung des extrapolierten Wertes der Gleichgewichts- 
schmelztemperatur mit einer bei der dilatometrischen Methode nicht méglichen Gesch- 
windigkeit gestattet. Die theoretischen Folgerungen aus den verschiedenen Verfahren 
und Ergebnissen werden kurz diskutiert. Eine kritische Uberpriifung der in den 
Schmelzthermogrammen beobachteten Feinstruktur fiihrt zu dem Schluss, dass unter 
gewissen Bedingugen sowohl durch heterogene als auch homogene Keimbildung ent- 
standene Kristallite festgestellt werden kénne. Der mit einer sehr raschen Kristal 
lisation verbundene Temperaturanstieg scheint die darauffolgende Schmelztemperatur 
charakteristischer zu beeinflussen als die Rekristallisationseffekte wiihrend des tatsiich- 
lichen Schmelzcyklus. LEinige Beispiele fiir die Brauchbarkeit der Konditionierungs- 
verfahren bei der Klirung der an verschiedenen Proben beobachteten Erscheinungen 


werden gegeben. 
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Effect of Flame Retardants on Pyrolysis 


and Combustion of a-Cellulose 


WALTER Kk. TANG, Forest Products Laboratory,* Forest Service, U.S. 
Department of Agriculture, and WAYNE K. NEILL, Chemical Engineering 
Department, University of Wisconsin, Madison, Wisconsin 


Synopsis 


In the combustion of wood, the a-cellulose fraction contributes most of the flaming; 
the lignin fraction supports the major part:of the glowing. In the present study, ther- 
mogravimetric and differential thermal analyses were conducted to determine the effect 
of low concentrations of flame retardants on the kinetics of pyrolysis and phenomena of 
combustion of a-cellulose. The flame retardants investigated—sodium tetraborate, 
aluminum chloride, potassium bicarbonate, and ammonium phosphate—were found to 
lower the active pyrolysis temperatures and increase the yield of chars. The kinetic data 
obtained by thermogravimetric analysis of the treated a-cellulose in vacuum suggest that 
at least two mechanisms are involved. The early stage is controlled by pseudo-zero-or- 
der and the late stage is of pseudo-first-order. Sodium tetraborate and aluminum chlo- 
ride caused little reduction in activation energies. Ammonium phosphate decreased the 
activation energy mostly in the early stage. Potassium bicarbonate lowered activation 
energies of both stages. Further thermal analysis in helium and oxygen showed that 
flaming combustion of a-cellulose was substantially reduced by treatment, and its exo- 
thermic peak occurred near the end of pyrolytic volatilization. The heat of pyrolysis 
was reduced significantly by treatment. The heat of combustion is distributed to a 
wider temperature range, and the maximum intensity of flaming was much reduced by 
treatment. 


Introduction 


The use of many interior finish products in the construction of public 
and institutional buildings is restricted because the products are flam- 
mable. Therefore, the wood and wood products industry is becoming in- 
creasingly interested in the flammability of wood, and how chemical treat- 
ment can prevent or retard it. 

Thermal analysis techniques have been applied at the Forest Products 
Laboratory to determine the effectiveness of various chemicals as fire 
retardants for wood.'~* Differential thermal analyses of wood and its 
constituents in air and in inert atmospheres have been made also by several 
other investigators*~* by both qualitative and quantitative procedures. 
Our current studies show that, as wood burns, the cellulose fraction con- 
tributes most the flaming combustion, whereas the lignin fraction supports 


* Maintained at Madison, Wis., in cooperation with the University of Wisconsin. 
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Fig. 1. Differential thermograms of combustion of wood, cellulose, and lignin in oxygen. 


most of the subsequent glowing combustion. This is shown by differential 
thermal analysis data in Figure 1. The sharp peaks near 300°C. are at- 
tributed to flaming of volatile products of the initial pyrolysis; the flatter 
peaks beyond 400°C. are due to glowing combustion of the residual char. 

It has been found by several investigators that the principal product 
in the early depolymerization of a-cellulose is levoglucosan. Levoglucosan 
reacts further to form char, tars, volatiles, and water.’?~"* Flame retar- 
dants increase the percentage of char and water and decrease the percentage 
of tars in the total product yield.'.7.*.1%12.14.15 Kinetics of pyrolysis of cel- 
lulose have been studied by Akita,’*® Stamm,'? and Madorsky et al.'" 
Differential thermal analysis also was used for pyrolysis and combustion 
of cellulose by several investigators.®* 1.18.19 

Such information is insufficient for the comprehensive study of the action 
of fire-retardant chemicals in changing the pyrolysis and combustion reac- 
tions of wood. Current research, which is a part of a continuing program 
at the Forest Products Laboratory, was begun to study the kinetics of the 
pyrolysis and thermal analysis of pyrolysis and combustion of untreated 
and treated a-cellulose by thermogravimetric (TGA) and differential ther- 
mal (DTA) analysis. 





OE ES Fe a ee a SS RI 





FLAME RETARDANTS 67 


Experimental Procedure 

Four flame retardants were selected for investigation in this study. 
They are monobasic ammonium phosphate, aluminum chloride hydrate, 
sodium tetraborate decahydrate, and potassium bicarbonate—all believed 
to operate by different mechanisms for reducing the production of tars. 
The concentration of these inorganic salts used in this study was consider- 
ably lower than normally used in commercial fire-retardant treatments. 
However, the low concentration was used to give a better indication of the 
function of flame-retardant action without complications from excess 
salts. 

The a-cellulose samples used in TGA were Whatman grade 1 chroma- 
tography paper, and for DTA, Whatman cellulose powder. Both contain at 
least 99.3% a-cellulose. The treated samples were prepared by soaking 
cellulose in solutions of various salts so that the samples retained 2% 
of the salts when dried and conditioned at 27°C. and 30% relative hu- 
midity. A set of samples with 8% NH,H.PO, also was studied. A sample 
weight of 100 mg. was used for all experiments. 

Dynamic TGA technique was applied to obtain the threshold decomposi- 
tion temperature, the kinetic data, and the char yield. DTA technique 
was used to find the temperatures for endothermic pyrolysis reaction and 
exothermic combustion reaction and their intensity. DTA thermograms 
were also obtained for estimating the heats of pyrolysis and combustion 
using the calibration factors of known heats of fusion for benzoic acid, potas- 
sium nitrate and silver nitrate, and heat of vaporization of ammonium 
chloride. 
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Fig. 2. Schematic diagram of the thermogravimetric balance 
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Fig. 3. Sample holder for differential thermal analysis. 


A spring-type deflection balance, the Thermograv, made by the Ameri- 
can Instrument Company, was used for the TGA. The schematic dia- 
gram is shown in Figure 2. 

This balance was also modified for the use in DTA by designing a DTA 
sample holder to be placed within its furnace. The e.m.f. from the dif- 
ferential thermocouple of the holder was applied through a Leeds-Northrup 
d.c. microvolt amplifier to the Y-axis of the X-Y recorder of the balance. 
The sample holder (Fig. 3) was made to contain 20-100 mg. of sample, 
sandwich packed (Fig. 3, sample packing method No. 1) with Minnesota 
Mining and Manufacturing micro glass beads (0.03 mm. in diameter) in 
the dynamic gas experiments.” A gas (O. or He) flowed at the same rate 
through the packed beads of reference and sample cells. For the heat of 
pyrolysis study the reference and sample were placed in pyrex capsules 
(Fig. 3, sample packing method No. 2).*!_ The recorder for DTA differen- 
tial temperature had a sensitivity of 0.25 to 5°C./in. 

In the TGA experiments for the study of kinetics, the sample was ex- 
posed to a heating rate of 3°C./min. in a vacuum of 0.3 mm. Hg abs. 

Other auxiliary TGA and all DTA runs were performed at atmos- 
pheric pressure with a flow rate of 30 ml./min. (27°C.) of a gas, except the 
DTA for heats of pyrolysis with 5 ml./min. gas flow. The heating rate was 
12°C./min. The sensitivity of the recorder for differential temperature 
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Fig. 4. Thermogravimetric curves of a-cellulose untreated and treated with flame 
retardants (in vacuum). 


was 0.5°C./in. for pyrolysis in inert atmospheres and 5°C./in. for combus- 
tion in Oz. All runs were made in triplicate. 


Results and Discussion 


The thermograms (Fig. 4) from TGA in vacuum show that the a-cellulose 
with no treatment had the highest threshold temperature for active pyrol- 
ysis at 270°C. and lowest char yield of 14 mg. at 360°C. The 2% NH;- 
H:PO, sample indicated a low threshold decomposition temperature of 
230°C. with a high char yield of 34 mg. at 360°C. The 2% NaeB,O;. 10H2O 
sample showed threshold decomposition temperature only slightly below 
that for the untreated cellulose, but char yield substantially higher than 
that for untreated cellulose although lower than that for the phosphate- 
treated cellulose. The 2% AICl;-6H:O sample and the KHCO; sample 
revealed low threshold decomposition temperatures close to that for the 
NH,H2PO,; sample, but the KHCQO,; sample left about the same amount of 
char as the Na2B,O;-10H,O sample whereas the AICl;-6H,O sample left 
little more char than did the untreated cellulose. The differential TGA 
curves (Fig. 5) also show early decomposition for the treatments with 
NH,H2PO,, KHCOs, and AIC];-6H.O. The rate of loss in weight reaches 
sharp maximums of 5.2 mg./min. near 280°C. for NH,H.PO; treatment, 
7.5 mg./min. near 300°C. for AICI;-6H2O treatment, and 5.6 mg./min. near 
305°C. for KHCO; treatment. For Na2B,O;-10H,O treatment the maxi- 
mum rate of 7.0 mg./min. near 325°C. is not far from that of 7.4 mg./min. 
near 335°C. for the untreated cellulose. 
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Fig. 5. Differential thermogravimetric curves of a-cellulose untreated and treated with 
flame retardants (in vacuum). 


Kinetics 
Because of their low salt concentration, the pyrolysis reaction for these 
samples was treated as a pseudo-single chemical reaction. The kinetics 


of pyrolysis of the samples was examined by the difference method (so 
called by Farmer**) of Freeman and Carroll** and Anderson and Freeman** 


who derived the equation: 


—E 
A(T! 
2.3R A log (dw/dt) 
Alog W, - Alog W, 


where F = the activation energy of the reaction, cal./mole; n = the ki- 
netic order of the reaction; 7’ = the absolute temperature, °K.; and R = 
the gas constant, 1.987 cal./°K. mole and W, = W, W, where W, is 


the weight loss at the completion of the reaction and W the total weight loss 


up to time ¢. A plot of 


Alog (dw/dt) A(T") 

-— versus = 

Alog W, Alog W, 
should result in a linear plot having a slope of —/#/2.3R and an intercept 
corresponding to n. The results (Fig. 6) illustrate that a pseudo-first- 
order reaction took place during most of the pyrolysis; however, the data 
The scattering of data 


for the initial stage did not conform to the plot. 
points in the initial stage may be attributed to two factors: (a) The initial 
stage has a different reaction mechanism, and (b) the difference method 
has magnified the possible smal] errors in the initial stage where weight loss 
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is small. When those data for the initial stage were plotted (Fig. 7) ac- 
cording to a pseudo-zero-order reaction, excellent conformity was obtained. 
It is apparent that there are two mechanisms involved. When a plot of 
(dw/dt) 
log - versus 1/7’ 

was made from the data instead of following the difference method, the 
initial stage of pyrolysis showed a fair correlation as a pseudo-first-order 
reaction but not so good a fit as a pseudo-zero-order reaction. The activa- 
tion energies from this plot were a little higher than those by the difference 
method. Thus the results suggest that the initial stage is controlled by 
pseudo-zero-order kinetics and the final stage is pseudo-first-order con- 
trolled. The temperature range, percentage of total weight loss in each 


stage, and the activation energies for each stage are shown in Table I. 


TABLE I 


Energies of Activation for Pyrolysis of a-Cellulose 


Initial stage 


(0 to Ist order) Final stage (1st order) 

a-Cellulose Temp., F, Temp., E, 
with Ts a keal. /mole Cc, Qi keal. /mole 
No treatment 240-310 15 33.1-35.2 310-360 85 53.1-55.7 
2% NaeB,O; 10H.O 230-285 11 29 .8-31.9 285-345 SY 50. 7-54 .0 
2% AlCl, 6H,O 210-265 10 32.8-33 .4 265-320 90 53 .0-55.0 
2% KHCO; 200-270 20 19.3-21.0 270-330 80 38 .2-42.0 
2% NH,H2PO, 190-255 20 16.9-19.0 255-300 80 5L.S8-54.5 


Auxiliary TGA and DTA 


To assist the interpretation of the kinetic results, a series of TGA was per- 
formed in He and a series of DTA was carried out in QO. and in He. The 
thermograms of the results are shown in ligure 8. 

The initial stage of pyrolysis of untreated a-cellulose was an endothermic 
reaction of loss of moisture near 100°C. At 200-270°C. (lig. 8A) de- 
polymerization tock place without further loss of weight. Depolymeriza- 
tion continued beyond 270°C. where the TGA curve began to show signif- 
icant weight loss. It possible involved volatilization of monomeric levo- 
glucosan in the initial stage of pyrolysis. In the final stage, the endotherm 
reached its nadir at 335°C. where the weight loss also reached its maximum 
rate (Fig. 5) and the exotherm of combustion reached a flaming peak from 
the combustion of volatile tars. At a temperature near 360°C., the en- 
dotherm and weight loss in pyrolysis show that the active pyrolysis with 
evolution of low molecular weight flammable tars was nearly completed. 
In combustion in O., however, an exotherm continued because the higher 
molecular weight chars were being consumed by glowing until about 460°C., 
where the entire sample had been consumed. For the mechanism of flame 
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retardance by Na,B,O; it may be postulated that the depolymerized low 
molecular weight fragments of a-cellulose were catalyzed to form more char 
and less tar® by polymerization and aromatization. As a result, the en- 
dotherm (lig. 8B) shows that the endothermic heat of pyrolysis was less 
than that of untreated a-cellulose. These reactions ceased sharply at 
345°C. as shown also by the weight-loss curve. In combustion, therefore, 
the intensity of flaming was definitely reduced because less tar was made 
available. Glowing combustion, however, continued and = contributed 
an increased amount of heat because of the greater yield of char. The 
temperature range of glowing combustion was also extended to 500°C.., 
about 40°C. higher than that for untreated a-cellulose. 
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Fig. 7. Temperature dependency of low temperature range pyrolysis of untreated and 
treated a-cellulose (in vacuum). 


In the case of a-cellulose treated with KHCU;,” an increased weight loss 
and endothermic effect between 100 and 200°C. presumably was due to 
reactions initiated by decomposition of KHCO; to K:CO;, COs, and H,0. 
The endotherm (Fig. 8C) indicates that a possible series of complex reac- 
tions took place between 200 and 350°C. It reached a nadir when loss of 
volatiles by active pyrolysis was nearly complete at 350°C. The combus- 
tion curve shows decreased flaming but increased glowing as compared 
with untreated a-cellulose. 

The DTA curves (Fig. 8D) of AICl;-6H,O treated samples show a sim- 
ilar trend of reduction of endothermic nadir for pyrolysis and reduction 
of exothermic peak in flaming. Hydrate of aluminum chloride breaks down 
to Al.O;, HCl, and H.O between 100 and 180°C. (from TGA data). AICI; 
and Al,O; are both Lewis acids.'4 The TGA and DTA results suggest that 
the dehydration mechanism of a Lewis acid was initiated during decomposi- 
tion of AICl;-6H,O. This catalytic process is sustained by Al,O3. Pyrol- 
ysis temperature is lowered by HCl. These reactions showed no notice- 
able effect on the rate of weight loss of cellulose. 

The decomposition of NH,H2PO; yields NH; and H;PO, at about 170 
200°C. in the treated sample. The NH; volatilizes, while H;PO, may react 
with hydroxy! groups of glucosan units.' The endotherm (Fig. 8£) shows 
that there probably is a change of some kind in the mechanism of the proc- 
ess at 245°C. for 2% NH,H2PO, and 225°C. for 8% NH,H2PO, (Fig. 8F). 
The combustion for the 2% NH,H2PO, again indicates that the flaming did 
not reach a peak until near the end of the endothermic reaction and weight 
loss. The flaming peak and glowing peak were 125°C. apart. Thise 
phenomena became still more marked when the conceutration of NE«Ho- 


PO, was increased to 8%. 


Heat of Pyrolysis 


For the purpose of estimating the heat of pyrolysis, thermograms of py- 
rolysis were obtained by DTA of samples placed in pyrex capsules. This 
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technique would reduce the convective losses in He stream and give more 
nearly quantitative results. The area under the curve integrated graphi- 
‘ally was used to calculate the heat of pyrolysis by the relation :*-”6 


A,m, 
(AH), = (AH), 
A.m, 
where (AH), = heat of reaction of sample, cal./g.; (AH), = known heat of 
reaction of a reference substance, cal./g., m,, m, = weight of sample and 
a reference substance, g.; and A,, A; = integrated area under DTA curve, 
cm.’. 

Heats of fusionof AgNOs, benzoic acid, and IXNQO; were used as the calibra- 
tion standard. The DTA curves of the compounds were obtained under 
the same experimental conditions as those of the cellulose samples. The 
calibration values are shown in Table II. 


TABLE II 
Calorimetric Calibration Factors for DTA 


Melting point, Heat of fusion, Md AH )p cal. 
Compound "Cc. cal. /g. A, ” em.? 
Benzoic avid 122 33.9 0.304 
AgNO; 208 17.7 0.292 


KNO; 308 25.4 0.290 


The values of heats of pyrolysis of untreated and treated a-cellulose es- 
timated under these conditions are listed in Table III. 


TABLE III 





a-Cellulose with: Heat of pyrolysis, cal./g. 


No treatment 88 + 3.6 
2% NasB,O710H.O 58 + 2.4 
2% AICl;-6H.O 87 +3.4 
2% KHCO; 72 +3.0 
2% NH HePO, 78 + 3.2 

+ 2.6 


8% NH,H2PO, 64 


‘These values indicate that the treated samples have lower heats of pyrolysis 
than that of untreated samples. It suggests that the endothermic depoly- 
merization and dehydration of cellulose is counteracted by the exothermic 
polymerization and aromatization of pyrolysis product. 


Heat of Combustion 


If combustion goes to completion, the heat of combustion of treated sam- 
ples of a-cellulose corrected for any heat effect due to change in the treating 
chemical present must be the same as the heat of combustion of untreated 
a-cellulose. The reason is that in complete combustion the end products 
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of a-cellulose are the same for both untreated and treated samples. The 
effect of inorganic chemicals on the total heat of combustion in these cases 


will be small. 
Ammonium chloride was used in the dynamic gas DTA, and the latent 


heat of vaporization of ammonium chloride was used to calibrate the heat 
of combustion. 

The DTA was carried out on NH,Cl in flowing nitrogen instead of oxygen 
with all other conditions the same as in the DTA of combustion of a-cel- 
lulose. The factor 

m, (AH), 
A, 


= 2.2 cal./cm.? for NH,;Cl 


where (AH), = 39.6 keal./mole or 740 cal. /g.?7 

The heats of combustion of treated and untreated a-cellulose calculated 
from this factor and the integrated area of the thermograms are shown in 
Table IV. 


TABLE IV 
Calibrated Heats of Combustion of a-Cellulose 

















Integrated area, Heat of combustion, 
a-Cellulose with: cm.?/g. cal. /g. 
No treatment 1610 + 64 —3540 + 140 
2% NaeB,O7:10H2O 1650 + 66 —3630 + 146 
2% AICl;-6H,O 1620 + 64 —3560 + 142 
2% KHCO; 1590 + 64 —3500 + 140 
2% NH4gH2PO, 1600 + 64 —3520 + 140 
8% NH,H2PO, 1600 + 64 —3520 + 140 








The heat of combustion of a-cellulose obtained by oxygen-bomb calorim- 
eter has a value of —4030 cal./g. The value from DTA is about 12% 
lower. The possible reason for the low value is a loss of unburned volatiles 
in the gas stream. If it is assumed that the loss of combustible volatiles 
is proportional to the heat evolution and corrections are made accordingly, 
the maximum rate of heat generation for untreated and treated a-cellulose 
may be estimated. These values under these conditions are given in Table 
V. 


TABLE V 


Maximum rate of heat generation, 





a-Cellulose with: cal./g. min. 
No treatment 870 + 35 
2% NaeB,O7- 10H2O 730 + 29 
2% AICl;-6H.O 665 + 27 
2% KHCO; 588 + 24 
2% NH,H2PO,; 635 + 25 
8% NH«H2PO, 498 + 20 
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These results show a definite suppression of maximum rate of heat gen- 
eration by flame retardants in the flaming of a-cellulose. However, the de- 
gree of suppression by the several retardants does not indicate their rela- 
tive effectiveness, because they cannot be compared properly on the weight 


percent basis. 


Conclusions 


In general, thermogravimetric analysis shows that flame retardants lower 
the threshold temperature of pyrolysis for a-cellulose and raise the char 
yield in the products. Differential thermal analysis in O,. demonstrates 
that flame retardants reduce flaming but may extend glowing. In other 
words, the heat of combustion of untreated a-cellulose, which is concen- 
trated in intensity in a narrow temperature range, is actually redistributed 
by the effect of flame retardant to a wider temperature range with a lower 
maximum intensity. The results of depolymerization and dehydration 
of cellulose and polymerization and aromatization of pyrolysis products 
gave a reduced heat of pyrolysis for many of the treated a-celluloses. The 
maximum intensity of the heat of pyrolysis also was reduced. 

Specifically the KHCO;, even at low concentration, seems to be able to 
change the pyrolysis kinetics, both in the initial and final stages. On the 
other hand, NH,H2PO;, at low concentration affects only the initial stage of 
pyrolysis, but further effect may be expected with higher concentration. 
This may also be true for AICI;-6H,O samples. Na2B,O;-10H,O after 
losing water at 200°C. seems to behave in a manner different from the 
other three and is expected to be stable even above the pyrolysis tempera- 
tures of cellulose. Although none of the four flame retardants may react 
stoichiometrically with a-cellulose, the availability of these molecules for 
catalysis is important. For this reason, higher concentration is needed 
to assure their effectiveness. 

The authors wish to thank Mr. H. W. Eickner, in charge of research of Fire Perfor- 
mance of Wood at the Forest Products Laboratory, and Dr. F. L. Browne for their valu- 
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Résumé 


Dans la combustion du bois, c’est principalement la fraction constituée d’alpha- 
cellulose qui contribue A la formation de flammes, tandis que la fraction constituée de 
lignine est responsable, en majeure partie, de l’incandescence. Dans cette étude, on a 
effectué des analyses différentielles thermiques et thermogravimétriques pour déter- 
miner l’effect de petites concentrations de substances retardant l’apparition des flammes, 
sur la cinétique de pyrolyse et sur les phénoménes de combustion de |’alpha-cellulose. 
Les retardateurs de flamme étudiés (tétraborate de sodium, chlorure d’aluminium, 
bicarbonate de potassium et phosphate d’ammonium) abaissent la température de 
pyrolyse active et augmentent la carbonisation. Les données cinetiques obtenues par 
analyse thermogravimétrique, sous vide de |’alpha-cellulose, suggére l’existence d’au 
moins deux mécanismes. La premiere étape répond a un ordre nul apparent et la 
derniére étape présente un ordre 1 apparent. Le tétraborate de sodium et le chlorure 
d’aluminium ne produisent qu’un faible abaissement des énergies d’activation. Le 
phosphate d’ammonium abaisse surtout l’énergie d’activation de la premipre étape. Le 
bicarbonate de potassium abaisse les énergies d’activation des deux étapes. Des 
analyses thermiques ultérieures effectuées dans l’hélium et dans l’oxygéene, montrent que 
la combustion vive de l’alpha-cellulose est sensiblement réduite par le traitement et 
que son pic exothermique apparait vers la fin de la volatilisation pyrolytique. La 
chaleur de pyrolyse a été réduite de fagon importante par ce traitement. La chaleur de 
combustion s’étend sur un domaine de température plus large et le maximum d’intensité 
dans |’apparition des flammes a été fortement réduit par ce traitement. 
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FLAME RETARDANTS 


Zusammenfassung 


Bei der Verbrennung von Holz triigt die a-Cellulosefraktion den grissten Teil der 
Flammenbildung bei; die Ligninfraktion unterhilt den Hauptteil des Giliihens. In der 
vorliegenden Untersuchung wurden thermogravimetrische Messungen und Differenti- 
althermoanalysen zur Bestimmung des Einflusses kleiner Konzentrationen von Flam- 
menschutzstoffen auf Pyrolysenkinetik und Verbrennungserscheinungen von a-Cellulose 
durchgefiihrt. Die untersuchten Flammenschutzstoffe—Natriumtetraborat, Alumini- 
umchlorid, Kaliumbikarbonat und Ammonium-phosphat—setzten die aktive Pyrolysen- 
temperatur herab und erhéhten die Ausbeute an Verkohlungsprodukten. Die durch 
thermogravimetrische Analyse der behandelten a-Cellulose im Vakuum erhaltenen 
kinetischen Daten sprechen dafiir, dass mindestens zwei Mechanismen wirksam sind. 
Die friihe Phase ist pseudo-nullter Ordnung und die spiite Phase pseudo-erster Ordnung. 
Natriumtetraborat und Aluminiumchlorid lieferten eine unwesentliche Verminderung 
der Aktivierungsenergie. Ammoniumphosphat setzte die Aktivierungsenergie haupt- 
siichlich in der friihen Phase herab. Kaliumbikarbonat erniedrigte die Aktivierungs- 
energie beider Phasen. Weitere Thermoanalysen unter Helium und Sauerstoff zeigten, 
dass die Flammenverbrennung von a-Cellulose durch die Behandlung wesentlich redu- 
ziert wurde und dass die exotherme Spitze nahe dem Ende der pyrolytischen Verfliichti- 
gung auftrat. Die Pyrolysenwiirme wurde durch die Behandlung typisch reduziert. 
Die Verbrennungswirme wird iiber einen weiteren Temperaturbereich verteilt und die 
maximale Flammungsintensitiit durch die Behandlung stark reduziert. 
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Kalorimetrische Messungen der Kristallisations- 


und Schmelzvorgiinge an Polymeren 


F. H. MULLER und H. MARTIN, Jnstitut fiir Polymere, 
Phillips Universitat, Marburg/ Lahn, West Germany 


Synopsis 


Crystallizing and melting of polymers as a function of sample history is investigated 
by means of a differential thermal analytic method developed for quantitative evalua- 
tion. Crystallization and the subsequent melting of the same polymer occur at tem- 
peratures differing by 12 to 18°C. The melt temperature and the time of keeping the 
sample in the molten state, the cooling rate and the course of cooling have a reproducible 
effect on the subsequent melting. The crystallization is followed at constant tempera- 
ture, and the crystallization rate is evaluated. Application of the Avrami method gives 
agreement with similar density and refractive index measurements. 


Umwandlungserscheinungen in Polymeren, insbesondere Kristallisations- 
und Schmelzvorgiinge, werden heute vielfach mit einfacher Differential- 
thermoanalyse (DTA) untersucht. Die D'TA-Methode kann jedoch im 
wesentlichen nur Informationen iiber die Temperaturbereiche liefern, in 
denen Vorgiinge ablaufen, und nur gewisse qualitative Aussagen tiber die 
Umwandlungswiirmen.' Fiir quantitative Aussagen ist die Kenntnis der 
“spezifischen Wiirme,”’ die Wirmeaufnahme, als Funktion der Temperatur 
erforderlich. 

Feste Polymere befinden sich zudem im allgemeinen nicht im thermo- 
spezifische Wirme”’ 


“ 


dynamischen Gleichgewicht. Das bedeutet, das die 
mit der Vorbehandlung variieren kann. Fs tritt also das Problem auf, 
wie man quantitative c,-Messungen reproduzierbar erhalten kann. Dabei 
ist zu beachten, dass die Probe auch noch wihrend der Messung selbst 
einer Vorbehandlung unterliegt. Bei den Punkt-fiir-Punkt-Messungen, 
etwa im adiabatischen Kalorimeter, besteht die Gefahr, dass wegen der 
Wartezeiten zum Temperaturausgleich an jedem Messpunkt die ‘Vorbe- 
handlung”’ in Hinblick auf das Zeitverhalten der Substanz verschieden ist.” 

Definierter, jedenfalls wegen dieser Zeiteffekte leichter analysierbar, 
erscheinen uns daher Messungen mit zeitlich linear gefiihrter Aufheizung. 
Solche quasistationiren Messungen sind erreichbar, wenn man die Methode 
der Differentialthermoanalyse in quantitativer Richtung ausbaut. Das 
haben wir getan.* 

Inzwischen wurde diese Apparatur in ihrer Empfindlichkeit und Eich- 
fiihigkeit noch weiter ausgebaut.‘ In einer theoretischen Untersuchung 
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Abb. 1. Unmittelbare Wiedergabe einer Registrierkurve des Temperaturganges der 
spezifischen Wiirme in der Umgebung des Kliirpunktes an einer reinsten Substanzprobe 
von 0,5 g p,p’-Azoxyanisol unter Stickstoff. 


des Messprinzips konnten wir ferner zeigen, dass sich aus den Registrierkur- 
ven durch Entzerrung der Verlauf der specifischen Wirme mit der Tem- 
peratur exakt ermitteln liisst,® und zwar sowohl bei Aufheizung als auch bei 
Abkiihlung.® 

Als charakteristisches Beispiel fiir die Leistungsfihigkeit sei hier eine 
Messung an p,p’-Azoxyanisol gezeigt,’? und zwar der Ubergang von kris- 
tallin-fliissig zu amorph-fliissig. Abb. 1 gibt eine Registrierkurve wieder. 
Die scharfe Spitze entspricht nach Entzerrung einer latenten Umwand- 
lungswiirme von 0,53 cal/g + 6% bei einer Temperatur von 132°C. 
Dieser scharfen Umwandlung vorgelagert im Bereich zwischen 128—132° 
zeigt sich eine verwaschene Umwandlung mit einer Enthalpiedifferenz von 
0,16 cal/g. Die Summe beider Werte stimmt iiberein mit friiheren Mes- 
sungen aus der Literatur,’ wobei sich zeigte, dass die—iibrigens schon von 
anderer Seite angezweifelten—Werte von Kreutzer® 1,79 cal/g falsch sein 
miissen. Interessant ist, dass die Existenz einer vorgelagerten Ordnungs- 
Unordnungsumwandlung sich nach W. Maier, Freiburg/Br.'"’ auch aus 
dielektrischen und Kernresonanzmessungen vermuten liess und hiermit 
kalorisch bestatigt werden konnte.* 

Die Messungen selbst wurden an '/, g der unter Stickstoff eingeschmol 

* Wie inzwischen im Gespriich gehdrt, sind unsere Werte in exakter Ubereinstimmung 


mit neuren Messungen von Dr. R. 8. Porter, California Research Corporation Institute, 
Richmond, Calif. 
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Abb. 2. Kristallisations- und Schmelzkurve von 0,6 g Terylen (Poly-iithylenglykol- 
terephthalat). Aufgetragen ist die Thermospannung zwischen Mess- und Vergleichs- 
rohrehen (U7, 4 cp + konst.) gegen die Temperatur der Probe (7') und die Versuchszeit 
(t). Messgeschwindigkeit: 1 °C/6 min. 





-40 -20 0 20 40°C 


Abb. 3. Aufheizmessung an 0,5 g isozyanatvernetztem Polyurethan. Punktiert: 
nach oben verschobene Kurve fiir aufgeschmolzene, auf —60° abgeschreckte Probe; 
ausgezogen: Aufheizung der ebenso behandelten Probe, bei 20° fiir 24 Stunden konstant 
gehalten, erneut abgekiihlt auf —60° und nun gemessen. Is verschwindet das Kristal- 
lisationsminimum, es erscheint ein Doppelmaximum des Schmelzens. Auch die Stufe 
des Einfrierintervalls bei —40° iindert sich in der Form. 


zenen extrem reinen Substanz getitigt und waren reproduzierbar, sowohl 
bei Aufheizung als bei Abkiihlung. 

Kine allgemeine charakteristische Eigenschaft kristallisierender Poly- 
merer scheint zu sein, dass bei gleicher Abkiihl- und Aufheizgeschwindig- 
keit das Maximum des Aufschmelzens stets um ungefihr 12—-18° C héher als 
das der Kristallisation liegt. Dies ist sowohl an Polyithylenen als auch 
an Polyiathylenglykolterephthalat (Abb. 2), aber auch an Polyamiden usw. 
zu beobachten. 

Bekanntlich miissen zur Kristallisation bei einer bestimmten ‘Temperatur 
die Keime eine bestimmte kritische Lange besitzen, wenn sie wachsltumsfahig 
sein sollen. Mandelkern, Hoffman, und Lauritzen'! haben diese kritische 
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Keimlinge fiir biindelférmige Keime berechnet. Andererseils hiingt die 
Schmelztemperatur des einzelnen Kristallits von seiner Kristallitlange ab, 
fiir die Flory eine Beziehung abgeleitet hat.'" Ein Vergleichbeider Formeln 
liisst erkennen, dass unter bestimmten Voraussetzungen (vor allem die, 
dass der Schmelzpunkt der KXristalle nur von deren “Liinge”’ abhiingt) bei 
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Abb. 4. Normierte Auftragung von c,* fiir eine chlorierte Polyiithylenprobe (3° Mol% 
Chlor), ausgezogen die berechnete Kurve, Kreise die Messung. 
{ 
' 
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Abb. 5. Kristallisations- und Schmelzkurve von 0,5 g Polycaprolactam (6-Nylon). 
Aufgetragen ist die Thermospannung zwischen Mess- und Vergleichsréhrchen (U7, ~ 
Cp + konst.) gegen die Temperatur der Probe (7') und die Versuchszeit (t). Messge- 
schwindigkeit: 1 °C/2 min. (Die Einlaufvorgiinge sind punktiert eingezeicanet.) 
Beim Einlaufvorgang wiihrend der Abkiihlmessung in der Niihe von 160° erscheint bei 
der Aufheizmessung eine Wellung (Minimum-Maximum). 
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Abb. 6. Kristallisations- und Schmelzkurven von 0,79 g 4,6-Polyurethan. Aufgetragen 


ist die Thermospannung zwischen Mess- und Vergleichsréhrchen (U7, 4 cp + konst.) 
gegen die Temperatur der Probe (7') und die Versuchszeit (4). Messgeschwindigkeit: 


1° i, 


/4,5 min. (Die Abkiihlmessung | wurde von 185 °C aus begonnen, die Abkiihlmes- 
sung 2 von 200 °C). 


der Temperatur des Kristallisationsbeginns beim Abkiihlen gerade Kristalle 
der halben Liinge (der Faktor “halb” ist nicht streng, sondern nur der 
Gréssenordnung nach zutreffend, je nach den Voraussetzungen fiir die 
Keimform) zum Schmelzen zu bringen sind. Der Schmelzpunkt von 
Kristalliten einer bestimmten Grésse kann nach diesen Betrachtungen 
nicht mit der 'Temperatur, bei der IKristallite dieser Grésse entstehen, 
zusammenfallen. 

Wenn man eine Substanz in dem Bereich zwischen KXristallisations- und 
Schmelzmaximum lagert, dann treten Umordnungen dergestalt auf, dass 
ausser dem Schmelzmaximum noch ein Vormaximum entsteht, das bei 
geniigend langer Lagerung wieder in das eigentliche Schmelzmaximum 
hineinwandert (Abb. 3).'% Die Erklirung ist, dass kleinere Kristallite 
schneller zu etwas grésseren zusammenwachsen als gréssere zu noch 
grésseren. Auf diese Weise fndert sich die Kristallitgréssenverteilung im 
Material zeitlich, und letztere spiegelt sich in der Schmelzkurve wieder 
(S.wW.u.). 

Nicht nur Lagerung bei geeigneten Temperaturen, auch Abschrecken 
und Verstrecken veriindern die Aufschmelzkurven bzw. den Verlauf der 
spezifischen Wiirme. Bei Polytetrafluoriithylen lisst sicht aus dem c,- 
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Abb. 7. Messung der isothermen Kristallisation von Polyurethan. Die untere Kurve 
gibt das Temperaturprogramm, die obere die registrierte Thermospannung in Abhiingig- 
keit von der Zeit. Die schraffierte Fliche in der Mitte gestattet den zeitlichen Kristalli- 
sationsablauf bei 171°C zu berechnen. Die schraflierte Fliiche rechts dient zur Kontrolle 


der Gesamtkristallisation 


Verlauf der bekannten Umwandlungen bei Zimmertemperatur™ schliessen, 
dass sowohl die Giite der kristallinen Ordnung als auch die Verteilung der 
Kristallitgréssen beeinflusst wird, und zwar dhnlich durch Verstrecken 
wie durch Abschrecken."® Dass in erster Niherung aus der “Form” der 
Aufschmelzkurve auf die Kristallitgréssenverteilung geschlossen werden 
kann, konnten wir aus anderen Untersuchungen schliessen. 

Diese Analyse liisst sich quantitativ so weit durchentwickeln, dass 
verschiedene Kristallitgréssenverteilungen (z.B. Verteilungen bei linearen 
und verzweigten Polyithylenen bzw. von in bekannter Menge chlorierten 
Polyiithylenen) einerseits aus statistischen Betrachtungen iiber die Ver- 
teilung kristallisationsfihiger Sequenzen abgeleitet und daraus der Verlauf 
des Aufschmelzens mit Hilfe einer modifizierten bzw. ergiinzten Theorie 
von Flory vorausberechnet wurde und sich dann diese berechnete c,- 
Kurve experimentell bestiitigen lisst (Abb. 4).* 

Jedes Tempern fiir einige Zeit bei einer bestimmten Temperatur zeigt 
sich in der spiiteren Aufheizkurve als eine kleine Wellung (Abb. 5), und 
selbst eine unterschiedliche 'Temperatur der Schmelze wirkt sich mit An- 
derung der Lage des Kristallisations- und des Schmelzmaximums aus 
(Abb. 6). Das hangt mit der Art und Verteilung der Kristallkeime in der 
Schmelze zusammen. t 

*Im einzelnen hierzu: Kilian, Hellmuth, und F. H. Miller, dieses Symposium. 

t Interessant sind auch Messungen an PVC und an reinen amorphen Substanzen wie 
PMMA. Darauf will ich im einzelnen hier nicht eingehen (Vergl. Wunderlich, dieses 


Symposium). 
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Abb. 8. Avrami-Auftragung der Auswertungen fiir die Temperaturen 125°C (linke 
Gerade), 126,5°C und 127°C (rechte Gerade) bei Linearem Polyiithylen. 


Da unser Geriit ein willkiirlich wiihlbares Temperatur-Zeit-Programm 
erlaubt, lassen sich durch geeignete Fiihrung des 'Temperaturverlaufs, 
d.h. dureh Anhalten der Temperatur auf einen Wert dicht unter dei 
KX\ristallisationstemperatur, auch Kristallisationsgeschwindigkeiten bestim- 
men. Derartige Messungen haben wir an 4,6-Polyurethan (Abb. 7) und 
Polyithylen (Marlex 50) durehgefiihrt und nach AVRAMI'® (Abb. 8) 
ausgewertet. 

Durch eine Gegenbelastung des zweiten Probenréhrehens liisst sich der 
ieffekt der spezifischen Wiirme* so weitgehend kompensieren, dass die 
IXmpfindlichkeit der Apparatur voll ausgenutzt werden kann. Man er- 
kennt nach Einstellung der konstanten Temperatur von 171°C (Abb. 7) 
im Anschluss an den raschen Riickgang des wegen nicht exakter Kompensa- 
tion verbliebenen kleinen Ausschlages auf die Nullinie nach einer “‘Initial- 
zeit” die Entwicklung der Kristallisationswdrme. Integriert man die 


* d.h. die Stufe wiihrend der absinkenden Temperatur. 
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Flichen jeweils bis zu verschiedenen Zeiten und vergleicht sie mit der 
Gesamtfliche, so stellt diese Kurve F(t)/Fo gegen ¢t die zeitliche Ent- 
wicklung der Kristallisation dar. Die anschliessende Aufheizung dient 
lediglich dazu, die Gesamtkristallisation nochmals zu kontrollieren: beide 
schraffierte F lichen sollen iibereinstimmen. 

Insbesondere die Messungen an Polyithylen ergaben weitgehende Be- 
stiitigung der Werte fiir die Konstanten aus der Avrami-Formel mit den 
aus der Literatur auf Grund von Dichtemessungen bisher bekannten 
Werten.'? Unsere Messungen zeigen die in der Avrami-Auftragung aus 
Dichten ebenfalls bekannten systematischen Abweichungen vom linearen 
Verlauf mit der Zeit (mit wachsendem Gehalt an Kristallisiertem), die 
einige Autoren als Hohlraumbildung bei fortschreitender Kristallisation 





diskutiert haben. Unsere kalorischen Messungen bestitigen nun die 
allein durch Hohlraum- und Rissbildungen bedingt sind (was ja eine falsche 
Dichtebestimmung verursachen wiirde und damit eine nur vorgetiuschte 
Abweichung bedeuten wiirde), sondern dass sie offenbar spezifisch fiir 
das Kristallwachstum Polymerer sind. Sie beginnen zudem schon bei 
relativ niedrigen IKristallisationsgraden, bei denen sich die Kristallite 
noch kaum beriihren diirften, und sie treten bei umso kleineren Werten auf, 
je tiefer die gewihlte Kristallisationstemperatur ist. Der Vorteil der 
kalorimetrischen Methode scheint in ihrer hohen Empfindlichkeit vor 
allem im Beginn der Kristallisation zu liegen. 
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Zusammenfassung 


Kristallisieren und Schmelzen von Polymeren liisst sich mit einer fiir quantitative 
Auswertungen weiterentwickelten Differentialthermoanalyse als Funktion der Vorge- 
schichte untersuchen. Die Kristallisation und das anschliessend durchgefiihrte Schmel- 
zen desselben Polymeren erfolgt bei Temperaturen, die sich um 12 bis 18°C unter- 
scheiden. Die Temperatur der Schmelze und die Zeitdauer des aufgeschmolzenen 
Zustandes, die Geschwindigkeit und der zeitliche Verlauf der Abkiihlung beeinflussen 
den nachfolgend gemessenen Schmelzverlauf in reproduzierbarer Weise. Aus der Ver- 
folgung der Kristallisation bei konstanter Temperatur lassen sich Kristallisations- 
geschwindigkeiten ermitteln, deren Auswertung nach Avrami in Ubereinstimmung mit 
analogen Messungen an Dichte und Brechungsindex stehen. 


Résumé 


La cristallisation et la fusion des polyméres peuvent étre étudiées comme une fonction 


des traitements anterieurs sur la base d’une analyse thermique différentielle d®veloppée 


pour permettre une évaluation quantitative. La cristallisation et la fusion consécutive 


de ce méme polymére ont lieu A des températures qui se différencient par un écart de 12 
4 18°C. La température de la masse en fusion et la durée de vie de l'état de fusion, la 
vitesse et le cours du refroidissement en fonction du temps influencent de maniére re- 
productible le dtroulement de la fusion mesuré par la suite. En suivant le déroulement 
de la cristallisation 4 température constante, on peut déterminer des vitesses de cristalli- 
sation dont les calculs suivant Avrami sous en accord avec des mesures analogues de 


densité et d’indice de réfraction. 
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Crystallization of Polypropylene Measured by 
Differential Thermal Analysis 


H. J. DONALD, E.S. HUMES, and L. W. WHITE, Saginaw Bay Research 
Department, The Dow Chemical Company, Midland, Michigan 


Synopsis 


The crystallization of polypropylene has been studied by DTA in a linear thermal gra- 
The crystallization rate was found to be linear with temperature, 


dient type furnace. 
The rate of crystallization 


and the rate data were correlated on an Arrhenius type plot. 
of the low molecular weight fraction was lower at the same temperature than the rate for 


a higher molecular weight fraction. 


Introduction 


Differential thermal analysis (DTA) has become of recent years a useful 
and popular tool for the characterization of polymers in regard to their 
thermal properties, e.g., melting points, second order transition tempera- 
ture, freezing points, and intrapolymer reactions. The estimation of the 
degree of crystallization of a polymer has been made by measuring the area 
between a base line and the curve produced during an analysis. This area 
can be converted to crystallinity percentage, if the heat of fusion of the 
polymer is known and a suitable heat equivalent to area has been es- 
tablished. 

The usual DTA has been measured during the heating cycle of the sam- 
ple since reproducible heating patterns seem to be more easily controlled 
than cooling patterns. The introduction of a linear temperature gradient 
furnace has made it possible to obtain linear heating and cooling patterns 
by controlling the speed (lineal) that a sample moves into or out of the 
furnace. A typical assembly is shown in Figure 1. This equipment con- 
sists of a linear temperature gradient tube through which a sample is raised 
or lowered by means of a wire wrapped around a pulley which can be 
rotated at various speeds. The temperature gradient is maintained by 
heating one end of the tube to a controlled temperature of 400°C. and 
cooling the opposite end with water at 20°C. 

A typical DTA curve is shown in Figure 2; the upper portion of the 
curve moving to the left is the heating curve and the lower portion of the 
curve moving to the right is the cooling curve. The vertical spread between 
the base lines of the two curves is a result of the difference in heat con- 
ductivity of the reference and the sample. The difference in the melting 
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Fig. 1. Schematic of DTA apparatus. 
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Fig. 2. Typical DTA curve for polypropylene showing both heating and cooling curves. 
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and freezing points as indicated in this curve is a result of the degree of 
supercooling a sample must be submitted to before an appreciable enthalpy 
difference can be measured. The large difference between the freezing and 
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Fig. 3. Typicai curves used to determine rate data: (a) first; (b) second; (c) third heat- 
ing and cooling cycles. / is the point at which the sample was maintained at constant 
temperature. 


melting points of polypropylene prompted this study of crystallization 
rates by thermal measurements. Previous crystallization rate measure- 
ments have been made by observing dilatometrically the volume change 
of the sample and by measuring the spherulite growth rate’ under micro- 
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scopic examination. Each method has its own limitation and the tech- 
nique described herewith is not without qualifications. 






Procedure 







Crystallization rates were determined from a series of DTA runs on a 
sample of polypropylene which were made in the following manner. 

A 40 mg. pellet was prepared by fusing the polymer in a mold. The 
pellet was placed in the sample holder in such a manner that the thermo- 
couple was in contact with the polymer and aluminum oxide completely 
surrounds the sample. The sample holder was drawn into the furnace 
and heated to 180°C., the sample holder was then drawn out of the furnace 
until the sample reached room temperature. A DTA curve (similar to 
that shown in Fig. 2) was obtained. The sample was reheated to 180°C. 
and then cooled to a temperature between the melting point and freezing 
point. The sample was held at this temperature for a preset interval be- 
fore continuing the run to room temperature. A third run was made 
similar to the original run. Figure 3 shows the curves obtained from a 














sequence of runs made in this manner. 

Consistency of the determinations is shown by the first and third curves, 
and the second curve shows a marked decrease in the area of the freezing 
point peak from that of the other two curves. The difference in the areas 
of the freezing point curves between the first and second curve was, there- 
fore, a measure of crystallinity which had taken place during the holding 
time. By repeating this procedure for different temperatures and periods 
of time, a series of crystallization rate curves were obtained. The third 
curve was run to determine if any appreciable change in the sample may 
have occurred during the heat treatment as a result of oxidation or thermal 
































decomposit ion. 


Samples 


Two polypropylene fractions were used to show the effect of molecular 
weight on the crystallization rate. The number-average molecular weight 
for these samples are 1.96 X 10° and 6.06 10° for samples designated LCE 
5-16 and LCE 5-24, respectively. 


Results 


The rate data obtained on the fractions of polypropylene are shown in 
Figures 4 and 5. The surprising result is that the rate of crystallization 
appears to remain constant with time at the temperature studied. Lower 
temperatures were impossible to study as a result of the high rates of 
crystallization encountered. Measurement of higher per cent crystal- 
linities were limited by the small differences and the precision of the tech- 
nique. 

Figure 4 shows the data on a low molecular weight fraction of polypro- 
pylene and indicates the linearity of per cent crystallization with time at 
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Fig. 4. Crystallization rate data for low molecular weight fraction (LCE 5-16) poly- 
propylene. 
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Fig. 5. Crystallization rate data for high molecular weight fraction (LCE 5-24) poly- 
propylene. 


constant temperature. Figure 5 is a plot of the data for a high molecular 
weight fraction and shows a similar trend with time. 

igure 6 is a plot of rates of crystallization (obtained from the slopes of 
the curves shown in Figs. 4 and 5) as a function of temperature, and shows 
the rapid increase in rate as the temperature is lowered. This lower tem- 
perature appears to be the temperature at which the large exotherm ap- 
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Fig. 6. Crystallization rate as a function of temperature on two molecular weight frac- 
tions of polypropylene. 
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Fig. 7. Arrhenius type plot of crystallization rates from data shown in Figs. 4 and 5. 
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pears in the DTA curve and perhaps may be considered as the temperature 
at which spontaneous crystallization or homogeneous nucleation occurs in 
this system. 

Figure 7 shows Arrhenius plots for the two samples used in this work. 
Linearity again was obtained but may be expected since the temperature 
range was not too large. The activation energies obtained for these two 
curves are indicated on graph and were calculated with a gas constant R 
equal to 1.987 cal./mole. The significance of the activation energy term 
may be of little importance as such but is a convenient value for expressing 
crystallization rate as a function of temperature. 


Discussion 


The results of this work do not appear to be in agreement with the di- 
latometric rate data published on crystallization or with the linear rate 
data obtained on spherulite diameter change. The data suggests that at 
these temperatures the degree of nucleation remains constant and that the 
crystallization must proceed independent of concentration but dependent 
upon number of nucleation sites. This observation is supported by the 
data on spherulite growth rate obtained by Gogos? who observed the num- 
ber of spherulite nuclei remained constant after nucleation had occurred. 

This technique of analysis allows the calculation of crystallization rates 
by the measurement of the heat of fusion of the samples, and provides 
another procedure for determining crystallization rate data. The proce- 
dure can be used to determine differences between various samples of poly- 
mers which may result from their preparation. 


The authors would like to express thanks to Dr. T. Davis for the fractions of polypro- 
pylene used in this study and to the Dow Chemical Company for permission to publish 


these results. 
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Résumé 


La cristallisation du polyprupyléne a été étudiée par DTA dans un four caractérisé 
par un gradient linéaire de température. On a trouvé que la vitesse de la cristallisation 
varie linéairement avec la température, et les données de vitesse ont été mises en correla- 
tion avec un diagramme du type Arrhénius. __La vitesse de cristallisation de la fraction 
de faible poids moléculaire était plus faible pour la méme température que la vitesse de 


la fraction de poids moléculaire plus élevé. 
Zusammenfassung 


Die Kristallisation von Polypropylen wurde mittels DTA in einem Ofen mit linearem 
Temperaturgradienten untersucht. Die Kristallisationsgeschwindigkeit zeigt eine 
lineare Temperaturabhangigkeit; die Geschwindigkeitsdaten wurden in einem Arrhen- 
ins-diagramm dargestellt. Die Kristallisationsgeschwindigkeit der niedermolekularen 
Fraktion war bei der gleichen Temperatur niedriger als die Geschwindigkeit einer 
héhermolekularen Fraktion. 
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Differentialkalorimetrische Messungen an verschieden 


verzweigten und verschieden chlorierten Poly- 


aithylenen in Verbindung mit Rontgenmessungen 


E. HELLMUTH, H. G. KILIAN, und F. H. MULLER, 
Institut fiir Polymere, Philipps Universitat Marburg/ Lahn, West Germany 


Synopsis 


Branched or partially chlorinated polyethylenes may be considered as copolymers, the 
branching or chlorinated sites forming the noncrystallizing components. Melting curves 
are calculated according to Flory and compared to experimental curves on well annealed 


samples. A normalized conversion (fitting) function is obtained which is largely inde- 


pendent of the nature and concentration of the noncrystallizing component. By means 
of the fitting function conclusions are possible on the deviation from thermodynamic 
equilibrium, on the crystallite size distribution and on the heterogeneous small angle 


scattering behavior. 


Die maximalen Kristallanteile verschiedenster linearer Copolymer des 
Athylens kénnen in Anlehnung an die Florysche Theorie des Schmelzens 
von Copolymeren! mit der Hilfe von zwei weiteren. aus Messgréssen 
ableitbaren Parameter. richtig berechnet werden:? Es wurde erstens 
angenommen, dass es eine kleinste Kristallitlinge*® gibt. Die Kristalle 
sollten hiernach in der Richtung, in welcher die Molekiilliéngsachsen Jiegen, 
nicht kiirzer als 10-30 A. werden. Diese Grenzlinge erweist sich als 
unabhingig von der Art der nichtkristallisierbaren Copolymereneinheit 
(B-Einheit) und in weitem Mass auch unabhingig von der Konzentration 
an B-Einheiten. Zur Berechnung der maximalen Kristallanteile ist es 
zweitens notwendig, die analytisch bestimmte Konzentration der B- 
Einheiten durch eine stets gréssere “fiktive’”’ Konzentration X’, zu erset- 
zen. Diese letztere ergibt sich aus der Anpassung der berechneten Kri- 
stallanteile in der unmittelbaren Umgebung des Schmelz-punktes. X’, 
hiingt damit noch von der Grésse der longitudinalen Grenzflichenenergie 
ab—ein Problem, das wir hier nicht weiter verfolgen wollen. Die fiktive 
Konzentration erfasst in jedem Fall Abweichungen vom hypothetischen 
Grenzfall des Gleichgewichts, die den maximalen Kristallanteil mitbe- 
stimmen und schon in den Anfiingen der Kristallisation auftreten. 

Unter diesen Voraussetzungen—also mit zwei zusiitzlichen empirisch 
gewonnenen Parametern—lisst sich mit einer entsprechend modifi- 
zierten Flory-Gleichung jedoch noch nicht exakt berechnen, wie der 
Kristallanteil mit steigender Temperatur bis zum Schmelzpunkt hin 
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Abb. 1. Kristallanteile W, als Funktion der Temperatur 7’ von verzweigtem Poly- 
iithylen: (1) Experiment (Massenanteil); (2) Flory (molar); (3) Flory (Massenanteil); 
and (4) diese Arbeit mit Anpassung durch kleinste Kristallitlange nach Flory berechneten 
Verlauf 
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Abb. 2. Schematische Darstellung der Ermitthing der Anpassungsfunktion #(7') 
> ee 
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Abb. 3. Reduzierte und normierte Anpassungsfunktion J. LErmittelt gemiiss Abb. 2 
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Abb. 4. Vergleich zwischen gemessenen (a) und berechneten c,*-Kurven von linearem 
Polyiithylen (b) Gleichgewichtstheorie von Flory (c) diese Arbeit. 
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Abb. 5. Dasselbe wie in Abb. 4 fiir (a) verzweigtes Polyiithylen, jedoch (6) Anpassung 
mit, kiirzester Kristallitlinge, (c) mittels 3. 


abnimmt. Dies erkennt man aus dem Vergleich der beiden Kurven (/) 
und (4) in Abb. 1. Die Abweichungen des Experiments von der Rechnung 
nach Flory (Kurve (3)) wurden deshalb nunmehr sozusagen ‘“punktweise”’ 
fiir jede Temperatur erfasst, wie es in Abb. 2 schematisch gezeichnet ist, 
d.h.—-statt durch die Parameter der kleinsten kritischen Lange bei tiefer 
und hoher Temperatur—durch eine Funktion. Durch Projektion der 
Messwerte auf die berechnete Kurve (2) erhilt man die Funktion #(7'), 
die jedem Messwert einen Wert der Flory-Kurve mit gleich grossen be- 
rechenbarem Kristallanteil zuordnet. Die Anpassungsfunktion 8(7') cha- 
rakterisiert somit die komplizierten Nichtgleichgewichtszustinde partiell 
kristallisierender Copolymerer durch die Abweichungen vom Gleichge- 
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Abb. 6. Normierte, reduzierte Auftragung der Schmelzkurven c,* verschiedener 
Copolymerer des Athylens. Kurve 3 und 4 umgerechnete Messungen von Wunderlich 
und Poland. Ausgezogen: berechnete Kurven. Copolymcre des Aethylens mit seit- 
stiindigen Methylgruppen: X4:—(3) 0,840, nach Wunderlich; (4) 0,880; nach Wund- 


erlich; (2)0,937; (1) 1,000. 


wichtskonzept (wobei wir im Augenblick die Bestimmung von X’, ausser 


Acht lassen wollen). 
In Abb.:3 ist die Anpassungsfunktion, bezogen auf den Abstand von der 


Schmelztemperatur 7’ und normiert in bezug auf die Breite des 
“Schmelzvorgangs,”’ aufgetragen. In dieser reduzierten Form ist die Funk- 
tion fiir verschieden verzweigte Polyiithylene praktisch identisch. Auch ist 
sie unempfindlich auf die longitudinale Grenzflichenenergie. Vergrdéssert 
man deren Wert (etwa auf das Fiinffache), so ergibt sich praktisch der- 
selbe Verlauf, wie es in Abb. 3 aus der gestrichelten Kurve zu entnehmen 


ist. : 
Man kann bekanntlich aus der Gleichgewichtsformulierung von Flory 
unter bestimmten Voraussetzungen auch die spezifische Wirme im 
Schmelzintervall berechnen.‘ Die so errechnete Kurve der spezifischen 
Wirme als Funktion der Temperatur stimmt im Habitus, aber nicht im 
ganzen Verlauf, gleich wie man die verfiigbaren Parameter wihlt. Aus den 
Abbildungen 4 und 5 erkennt man jedoch, dass sich der experimentelle 
Verlauf von c,*(7’) fiir verschieden verzweigte Polyithylene richtig wie- 
dergeben liisst, wenn man hierbei die oben beschriebenen Abweichuagen 
mittels 3(7') vom Gleichgewichtskonzept beriicksichtigt. Abb. 6 zeigt 
den Vergleich analog berechneter, normiert aufgetragener Kurven der 
Wiirmeaufnahme mit Messungen an verschieden konzentrierten Copoly- 
meren das Athylens mit seitstiindigen CH;-Gruppen, die von Wunderlich 
und Poland® stammen. Die gute Ubereinstimmung von Experiment 
und Rechnung wird auch durch das in Abb. 7 aufgefiihrte Beispiel einer 
Messung an chloriertem linearem Polyithylen belegt.6 Die Verinderun- 
gen in der Kurvenform der Wirmeaufnahme an verschieden konzentrier- 
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Abb. 7. Normierte, fiir die Abszisse reduzierte Auftragung der Schmelzkurven c,* 
einer chlorierten Polyiithylenprobe. Die ausgezogene Kurve ist also aus unserer 
Rechnung gewonnen worden. Die Messpunkte schmiegen sich gut an. 
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Abb. 8.(A) Die berechneten maximalen Kristallanteile verschieden chlorierter Poly- 
iithylenproben als Funktion des Molenbruchs der kristallisationsfihigen A-Einheiten 
im Vergleich mit den gemessenen; (/3)Dasselbe fiir die Langperiode: Kurve (c) gibt die 
berechnete mittlere Kristallitliinge als Funktion von X ‘4 an. 


ten Copolymeren werden durch die Rechnung offensichtlich richtig wie- 
dergegeben. 

Sieht man von der Bestimmung der fiktiven Konzentration X’, > X, 
(X,», = molare Konzentration der B-Einheiten nach der Analyse) ab, so 
folgt aus den obigen Beispielen, dass die Abweichungen vom Gleichge- 
wichiskonzept fir verschiedene Copolymere des Aethylens ohne Riicksicht auf 
die besondere Bauart der B-Copolymereneinheit untereinander ahnlich sind. 
Dies muss offensichtlich auf einem unspezifischen Effekt beruhen. Es ist 
wahrscheinlich auf die Kristallvernetzung zuriickzufiihren, die dadurch 
entsteht, dass Teile eines Makromolekiils in verschiedene Kristalle einge- 


baut werden: Schon in den ersten Stadien der Kristallisation werden 
hierdurch—offensichtlich in einer entsprechend unspezifischen Weise 
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Abb. 9. Berechnete ( ) und gemessene Langperioden vom verzweigten Polyithylen 
als Funktion der Temperatur. 
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Abb. 10. Berechnete und aus Kleinstwinkelaufnahmen ermittelte mittlere Partikelgrésse 
vom verzweigten Polyithylen als Funktion von der Temperatur. 


erst bei weiterer Abkiihlung auffindbare Abweichungen vom Gleichge- 
wichtskonzept festgelegt. Man denke etwa an immer vorhandene Fehl- 
ordnungen mit Hinsicht auf die trans-KKonformation in den Iristallen. 
Solche Fehlordnungen werden in den Molekiilteilen zwischen zwei schon 
gebildeten I<ristallen “konserviert.’’ Sie machen sich beim weiteren 
Ablauf der Kristallisation in zunehmendem Masse bemerkbar und _ be- 
wirken die wachsende Abweichung vom Gleichgewichtskonzept. Bei 
der Kristallisation von Copolymeren wird dies besonders evident, weil 
hier zusitzlich eine passende Zuordnung der kristallisierbaren Sequenzen 
verschiedenster Liinge erfolgen muss. ! 
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Gerade diese der Linge nach richtige Zuordnung der kristallisierbaren 

Folgen ist aber auch fiir die Bildung der gréssten médglichen Kristalle 
entscheidend: Hier treten die esten impliziten Abweichungen vom Gleich- 
gewichtskonzept auf, weil die langsten kristallisierbaren Folgen in kleinere 
Kristallite eingebaut werden. Der ‘‘unendlich grosse’’ Kristall wird ein 
immer unerreichbarer Grenzfall, je héher die Konzentration der B-Ein- 
heiten ist.6 Das entspricht in der oben gegebenen Niherung der Tat- 
sache, dass zur Anpassung am “Schmelzpunkt”’ eine fiktive Konzentra- 
tion X’, gewihlt werden musste, die konsequenterweise mit steigender 
Konzentration an B-Kinheiten sich immer mehr von der analytischen 
Konzentration unterscheidet. 

Wesentlich scheint uns, dass obige Uberlegungen sich auch in anderer 
unabhingiger Weise rechtfertigen: Die oben gegebene Charakterisierung 
der Nichtgletchgewichte partiell kristallisierter Copolymerer gestattet 
eine Vorausberechnung der Langperiode in Abhiingigkeit von der Konzen- 
tration der B-Einheiten und von der Temperatur. Der Rechnung ent- 
nimmt man, dass die Langperiode als Funktion von der Konzentration der 
B-Einheiten einen Minimalwert durchlaufen sollte [Abb. 8, Kurve (1) ]. 
Das Minimum priigt sich besonders deutlich aus, wenn man die Rechnung 
fiir Schichtkristaile ausfiihrt. In diesem Modell liegen die amorphen 
Zwischenbereiche zwischen den (001)-Flaichen der Kristalle. Der Mini- 
malwert ergibt sich deshalb, weil mit kleiner werdender Kristallitdicke 
(die dem asymptotischen kleinsten Wert zustrebt) gleichzeitig der Kristall- 
anteil rapide sinkt,? Hierdurch werden die mittleren Abstinde zwischen 
den Kristallen von einer bestimmten Konzentration an B-Einheiten an 
wieder grésser: Die Langperiode muss erneut zunehmen. Andeutungen 
zu einem Wiederanstieg der Langperiode sind aus den Messungen an 
verschieden chlorierten Proben zu entnehmen [Abb. 8, Kurve (0) }. 

Abb. 9 zeigt schliesslich den Vergleich zwischen berechneten und gemes- 
senen Langperioden von verzweigtem Polyithylen als Funktion der Tem- 
peratur. Der sehr starke Anstieg der Langperiode bei hoheren Tempera- 
turen lasst sich durch die Rechnung nur dann wiedergeben, wenn das 
Schichtkristallmodell zugrunde gelegt wird. Dies bestiitigt sich auch an 
hand weiterer, hier noch nicht wiedergegebener Messungen an Copoly- 
meren des Aethylens.’ 

Aus der Linienbreite der Kleinwinkelinterferenz kann man fiir ver- 
zweigtes Polyiithylen bis zu etwa 70°C die ‘Partikelgrésse’’ bestimmen.* 
Hier liegen fliissigkeitsiihnliche Interferenzen vor, fiir die die Absténde 
zwischen den Streuzentren um mehr als 30° schwanken. Diese Par- 
tikelgrésse wdchst mit steigender Temperatur (Abb. 10). Genau diese 
Abhingigkeit ergibt sich aber auch aus der Berechnung der Kristallit- 
linge unter Einbeziehung der diskutierten Abweichungen vom Gleich- 
gewichtskonzept. Dem selektiven Aufschmelzen der Gleichgewichtsformu- 
lierung entspricht es, dass offenbar beim Aufheizen tatsiichlich zuniichst 
die kleinsten Kristallite verschwinden, vorausgesetzt natiirlich, dass die 
Proben hinreichend gut getempert worden sind, so dass eine Vergrésserung 
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der Partikel bzw. der Kristallite dureh Umkristallisation ausgeschlossen 





werden kann. 
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Zusammenfassung } 


Verzweigte oder teilweise chlorierte Polyiithylene kann man als Copolymerisate auffas- 
sen, in denen die Verzweigungs- oder chlorierten Stellen die nichtkristallisierbare Kom- 
ponente darstellen. Berechnet man die Schmelzkurven nach Flory und vergleicht sie 
mit den gemessenen Kurven an gut getemperten Proben, so ergibt sich eine Umrech- 
nungs-(Anpassungs-) Funktion. Diese ist in normiert reduzierter Form weitgehend un- 
abhiingig von der Natur und der Konzentration der nichtkristallisierbaren Komponente. 
Mit Hilfe der Anpassungsfunktion lassen sich Schliisse auf die Abweichung vom thermo- 
dynamischen Gleichgewicht, die Verteilung der Kristallitgréssen und das Verhalten der 
heterogenen Kleinwinkelstreuung (Langperiode) ziehen. 


Résumé 


Des polyéthylénes ramifies ou partiellement chlorés peuvent étre considéres comme des 
copolymérisats ot les sites de ramification ou de chloration représentent les composants 
non-cristallisables. Si l’on calcule les cour bes de fusion d’aprés Flory et si on les com- 
pare aux courbes exptrimentales obtenues 4 partir d’echantillons parfaitement recuits, 
on obtient une fonction de transformation (fonction d’adaptation). Cette derniére sous 
sa forme reduite est en plus grande partie ind®pendante de la nature et de la concentra- 
tion des composantes non cristallisables. A l’aide de la fonction d’adaptation on peut 
tirer des conclusions en ce qui concerne |’écart de l’équilibre thermodynamique, la dis- 
tribution des grandeurs des cristallites, le comportement de la diffusion hétérogene aux 
petits angles. 
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Thermodynamic Properties of Lexan Polycarbonate 


from 110—560°K. 


JAMES M. O’REILLY, FRANK FE. KARASZ, and HARVEY E. BAIR, 
General Electric Research Laboratory, Schenectady, New York 


Synopsis 

The heat capacity of Lexan polycarbonate has been accurately measured on samples 
of different degrees of crystallinity. No low temperature transitions are observed in 
Cy. The usual discontinuity in Cp at the glass temperature is observed at 142° C. for a 
completely amorphous sample. In semicrystalline samples the change in Cy at 7’, is 
greatly suppressed by the presence of crystallites. The crystalline regions of the poly- 
mer exhibit melting over the range 200-250°C. and a latent heat accompanies the 
melting process. From the magnitude of this latent heat the per cent crystallinity has 
been calculated as 17% (powder sample) and 24% (solvent crystallized sample). Upon 
slow cooling from the melt a completely amorphous sample is obtained. 


Intro: \. -tion 


High polymers in general exhibit marked changes in physical properties 
as a function of temperature. These transitions in physical properties 
occur at more or less well defined temperatures and canbe observed by a wide 
variety of experimental techniques such as volumetric or dielectric measure- 
ments, dynamic mechanical measurements, nuclear magnetic resonance 
spectroscopy and many others. Since polymers are usually made up of 
an amorphous and a crystalline phase, a given transition may result from 
the presence of either phase. Most measurements only locate the transi- 
tion temperature and do not directly specify the nature of the transition. 
In some cases experiments on samples of various compositions (i.e., various 
degrees of crystallinity) allow one to specify the phase responsible for the 
transition. The calorimetric method detects the transition temperature 
and also distinguishes between an amorphous and crystalline transition 
from the shape of the C, curve. 

In the case of poly(4,4’-dioxy diphenyl-2,2-propane carbonate), results 
of dielectric,! mechanical,? and volumetric’ measurements have indicated 
at least three transition regions: (a) a low temperature transition observed 
by mechanical and dielectric measurements at ~170°K.; (6b) a glass 
transition at 415°K.; and (c) a crystal melting point at 500—-530°K. 

For this polymer, the crystalline phase is difficult to obtain under normal 
conditions and the amount of crystallinity in quenched samples has been 
the subject of some speculation. Crystallization can be induced by sol- 
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vent treatment but again quantitative results have been lacking. The 
glass transition is evident in all three experimental methods and seems 
normal. The fact that the polycarbonate is ductile at room temperature 
(even considerably below room temperature) has led to speculation that 
the glass transition behavior is anomalous. The possibility of another 
transition in the region between 25 and 140°C. was also considered and 
recently Hellwege has reported anomalous behavior of the volumetric® 
and heat capacity’ measurements in this region. 


Experimeatal 


Heat capacities were determined using a precision adiabatic calorimeter® 
in the temperature range 80-570°K. The absolute accuracy has been 
assessed by measuring the heat capacity of a standard NBS sample of 
aluminum oxide. Our measurements agree with the NBS results of 
Furukawa et al.® to within 0.1% at-low temperatures and 0.4% at the 
highest temperatures. Reproducibility on a given sample is somewhat 
better than this. ‘Temperature intervals of 5 to 10° were used with heat- 
ing rates of 10 to 20°/hr. In the region of a transition, smaller temperature 
intervals were used. 

The sample used in this study was a Lexan* polycarbonate powder 
sample obtained by precipitating the polymer from solution. The molec- 
ular weight of the sample from viscosity measurements was 4 X 10‘. 
Samples were dried at 110°C. in a vacuum oven for at least 24 hr. to remove 
water and volatiles. A crystalline sample was prepared by slowly evap- 
orating the solvent from a methylene chloride solution of the powder on a 
clean mercury surface. Experiments indicate that it is difficult to remove 
the last traces of methylene chloride from the crystallized material even 
under vacuum at 110°C. The final sample could contain as much as 
0.1% by weight of methylene chloride. 

The powder sample consisted of particles with a maximum size of a 
millimeter and the powder occupied approximately 75 ec. (21.599 g.). 
The white crystalline sample was in the form of irregular large pieces and 
weighed 25.263 g. 


Results 
a. Powder 


The heat capacity of the powder sample is nearly a linear function of 
temperature from 80 to 400°K. as shown in Figure 1. No evidence of a 
transition near 170°K. is found, and it is estimated that a change of 
several parts in a thousand in the heat capacity would be perceptible. 

In the neighborhood of 410°K. a slight upward curvature is observed 
in C, as shown in Figure 2, and large positive temperature drifts in the 
calorimeter are observed. ‘This is the glass transition region, but the 


* General Electric Company trademark. 
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magnitude of AC, (C, liquid — C, glass) is much smaller than expected of 
a slightly crystalline sample. Positive drifts indicate that an exothermic 
process is occurring in the calorimeter and is attributed to the ecrystalliza- 
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Fig. 1. Low temperature heat capacity of Lexan (powder and solution crystallized 
sample). 
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The heat liberated by the crystallization tends to 
reduce C, and therefore AC,. The small amount of recrystallization which 
occurs is not enough to depress C, to the observed level. At 450-460°K. 


tion of the polymer. 


C, is increasing rapidly indicating now that crystals are melting. The 
usual peak in C, during a crystal melting process is observed and melting 
is complete at 520°K. Above 520°K. the drifts disappear and the C, 
curve exhibits the expected liquidlike behavior. 

The sample was then cooled slowly (15°/hr.) to 320°K. and rerun. The 
usual change in C, at 7, is now observed and AC, = .25j./g.°K. Negative 
temperature drifts in the glass transition region are due to long thermal 
relaxation times in this region. ‘The peak in C, at 7, is not usually ob- 
served in slow calorimetric measurements but can be observed when a 
sample is heated much faster than it was cooled. In this case the sample 
was annealed at 7’, overnight so that effectively the heating rate was much 
faster than the cooling rate. The reasons for this effect are intimately 
connected with the relaxation processes which occur near 7’, and have been 
discussed by Davies and Jones.’ Above 7, the drifts disappear and C, 
rises with temperature into the liquid region without showing a trace of 
crystallinity. 

The heat accompanying the melting transition of the initial powder 
sample is 5.54 cal./g. The heat of fusion of the polycarbonate has been 
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Fig. 3. High temperature heat capacity of Lexan (solution crystallized sample). 
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estimated as 32 cal./g. + 10% by Wineman!® from diluent measurements 
which gives a per cent crystallinity of 17%. 


b. Solvent Crystallized Sample 


This sample shows the same general behavior as the powder sample 
shown in Figure 3. After heating to 425°K. (solid points in Fig. 3) the 
sample was cooled to below 400°K. and then rerun (open points in Fig. 
3). The small AC, is only a fraction of what a 75% amorphous sample 
should show. Also positive drifts are not observed until a higher tem- 
perature, 460°K., so that crystallization does not interfere with the AC, 
measurement. 

The melting behavior is sharper than the powder sample as would be 
expected from the sample preparation. This sample gives a heat of 
transition of 7.74 cal./g., equivalent to 24% erystallinity. 


Discussion 


The absence of a transition in C, at low temperatures implies that the 
change in the mode of motion is very subtle and does not contribute sig- 
nificantly to C,. A transition in C, could in principle be due to at least 
two causes since C, = C, + TVa?/8, where C, = specific heat at constant 
pressure, C, = specitic heat at constant volume, 7’ = absolute temperature, 
V = specific volume, a = volume expansion coefficient, and 8 = compres- 
sibility. 

First, a transition in C, could occur because of a change in the vibra- 
tional motion of the polymer which might also appear as a transition in 
the mechanical or dielectric properties. Secondly, a transition in C, 
could result from a transition in a or 8. A transition in the compressibility 
would be directly observable as a transition in mechanical measurements. 
The second term contributes several per cent to C, at low temperature and 
increases rapidly with temperature. Usually the low temperature transi- 
tions in mechanical and dielectric properties are quite broad (100-200°K. 
in the case of the polycarbonate). 

Since the transition occurs over a large temperature interval, it is pos- 
sible that a C, transition is masked by the normal temperature dependence 
of C,. At present the nature of these low temperature transitions is not 
well understood. When more experimental data become available at 
least empirical correlations can be attempted. 

The data reported here do not show the flattening out of the C, curve at 
110-135°C. reported by Hellwege.* Hellwege used a sample of Makrolon 
(Bayer polycarbonate), and the difference in results may be due to the 
different samples. Also we see no peculiarities in C, in the region of 70- 
110°C. where Hellwege* reports a transition in the expansion coefficient 
for a Lexan polycarbonate sample. It is worth noting that measurements 
of first order properties (i.e., volume) to 0.1% is less sensitive than measure- 
ments of second order properties (i.e., heat capacity) to the same accuracy. 
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Therefore the observed change of approximately 10° in the expansion 
coefficient should be readily observable in the heat capacity measure- 
ments. 

The observed AC, at 7’, is not proportional to the per cent amorphicity 
as would be expected on the basis of a two phase model. Independent 
measurements of crystallinity by x-ray and density methods confirm that 
the heat of fusion estimate of crystallinity is at least within 10% of the 
actual value. ven allowing for an error in the per cent crystallinity, the 
observed AC, is much too low. This means that a small amount of erys- 
tallinity restricts the polymer chains from attaining their liquid-like 
amorphous configurations and the accompanying liquid-like C, above 7, 
A similar behavior has been noted by Dole® for polyethylene terephthalate. 
Investigation of this phenomena would no doubt lead to a better under- 
standing of the interactions between the phases in semicrystalline polymers. 

The 7/7, ratio for the polycarbonate is 0.79 which is slightly larger 
oT < 0.67. The fact that the poly- 
carbonate shows no trace of crystallinity after slow cooling from the melt 


than rule of thumb value, 0.5 < 7 
indicates that ordinary molded samples of Lexan are completely amorphous. 


References 


1. Miller, F. H., and F. Krum, Kolloid-Z., 164, 81 (1959). 
2. Illers, K. H., and H. Breuer, Kolloid-Z., 176, 110 (1961). 
Hellwege, K. H., J. Hennig, and W. Knappe, Kolloid-Z., 186, 29 (1962). 
Hellwege, K. H., W. Knappe, and W. Wetzel, Kolloid-Z., 180, 126 (1962). 

5. Karasz, F. E., and J. M. O'Reilly, to be published. 

6. Furukawa, G. T., T. B. Douglas, R. E. MeCaskey, and D. C. Ginnings, J. Res. 
Nail. Bur. Sid., 57, 67 (1956). 

7. Davies, R. O., and G. O. Jones, Advan. Phys., 2, 370 (1953). 

8. Wineman, P., private communication. 

9, Dole, M., Kollotd-Z., 165, 40 (1959). 


oa St 


Résumé 


La capacité thermique du polycarbonate Lexan a é@t® mesurve exactement sur de 
échantillons de degrds différents de cristallinit®. A basse température, on n’a pas ob- 
servé de transition dans le C,. Pour un échantillon complétement amorphe, l’habituelle 
discontinuité de C, A la température de transition vitreuse se situe 4 142°C. Dans les 
échantillons semi-cristallins, le changement de C, a 7’, est fortement diminué parsuite 
de la présence des cristallites. Les régions cristallines du polymére fondent entre 200 
et 250°C; une chaleur latente accompagne le processus de fusion. A partir de la 
grandeur de cette chaleur, le pourcentage de cristallinité a été caleulé; on a trouvé un 
pourcentage de 17 (échantillon en poudre) et 24 (échantillon cristallisé dans un solvant). 
Un échantillon compltement amorphe est obtenu par refroidissement lent du polymere 
fondu 


Zusammenfassung 


Die Wirmekapazitiit von Lexan-Polykarbonat wurde an Proben mit verschiedenem 
Kristallinitdtsgrad genau gemessen. Am C, werden keine Tieftemperaturumwandlungen 
beobachtet. Die tibliche Diskontinuitit in C, bei der Glastemperatur wird an einer 
vollstiindig amorphen Probe bei i42°C beobachtet. Bei halbkristallinen Proben wird 
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die C,-Anderung bei 7’, durch die Gegenwart von Kristalliten grossen Teils unterdriickt 
Die kristallinen Bereiche des Polymeren schmelzen im Bereich von 200 bis 250°C und 
eine latente Wiirme begleitet den Schmelzprozess. Aus der Grésse dieser latenten 
Wiirme wurde die prozentuelle Kristallinitét zu 17°) (Pulverprobe) und 24° % (lésungs- 
mittel-kristallisierte Probe) berechnet. Bei langsamer Abkiihlung aus der Schmelze 
wird eine vollig amorphe Probe erhalten. 
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Kalorimetrische Messungen von Warmeeffekten 


bei Verstreckung 


F. H. MULLER und N. WEIMANN, Institut fiir Polymere, Philipps 


Universitat, Marburg/Lahn, West Germany 


Synopsis 
Heat effects and the work in stretching a polycarbonate are measured in a wide range 
of stretching rates and at two different temperatures. Conclusions are drawn on the 
enthalpy increase during the stretching process. Indirect conclusions on the entropy 
variation during stretching seem to be possible. The effect of temperature balance is 
confirmed and the strain relaxation of the stretched material seems also to be coupled 


with heat production. 


Kalorimetrische Messungen der Wiirmeproduktion wihrend der De- 
formation werden von uns in Marburg nun seit mehr als 10 Jahren durech- 
gefiihrt.!. Die Problematik ging aus der Feststellung hervor, dass bei 
Kaltverstreckung eines Materials die Fliesszone meist eine merklich er- 
héhte Temperatur besitzt. Wir wollten die Konsequenzen, die aus dem 
Nachweis dieser Temperaturerhéhung der lliesszone mit 'Thermoelement? 
und temperaturempfindlichen Fluoreszens-stoffen*® zu ziehen sind, noch 
durch unmittelbare Messungen der Wiirmeentwicklung wiihrend der Ver- 
streckung erhiirten. 

So entstand seinerzeit ein sehr empfindliches Kalorimeter, das an kleinen 
Messproben (weniger als 1 g) die kalorischen [ffekte wiihrend der De- 
formation zu verfolgen erlaubt. Hieriiber wurde schon vor Jahren aus- 
fiihrlich berichtet,4 unter anderem auch auf der Gordon-Research-Kon- 
ferenz tiber Polymere (1960).° Das Geriit wurde inzwischen in seiner Emp- 
findlichkeit und vor allem in seiner Nullpunktskonstanz wesentlich ver- 
bessert.6 Im iibrigen ist in Verwendung unserer Mrfahrung und Weiterent- 
wicklung unserer Konstruktion nun ein analoges Geriit von Benner und 
Foster bei der Firma Du Pont entwickelt worden.’ 

Das gleiche Messprinzip lisst sich auch anwenden, um Lésungswiirmen 
zu bestimmen.’ Da wir bei den Verstreckungsexperimenten fanden, 
dass die bei Deformation einer Probe aufgewendete Arbeit grésser ist als 
die auftretende Wirmemenge, folgt nach dem ersten Hauptsatz der 
Thermodynamik, dass die Enthalpie des Materials sich entsprechend er 
héht haben muss. Die Enthalpiedifferenz zwischen dem verformten und 
dem Ausgangsmaterial, sofern das Verformte eine bleibende Deformation 
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Abb. 1. Das Schema liisst erkennen, dass die Aenderungen der Enthalpie bei Verstreck- 
ung mit der Differenz der Losungswiirmen von Unverstrecktem und Verstrecktem nur 
durch Zwischenschalten eines Umwandlungsvorgangs (Alterung) nach der Verstreckung 
vereinbart werden kann. 


T=20°C 
v= 139-10" £2 


—— > Zeit 


Abb. 2. Wiedergabe einer Registrierung mit dem neuen Kalorimeter; untere Kurve 
Kraft als Funktion der Zeit, obere Kurve zugehériger Wiirmestrom als Funktion der 
Zeit. 
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Abb. 3. Wiirme Q und Arbeit A als Funktion der Streckgeschwindigkeit bei 20° und 
bei 30°C gemessen fiir Polycarbonat. Je ein Punktepaar Q und A folgt aus der Auswer- 
tung einer Kegistrierung gemiiss Abb. 2. 
besitzt, sollte sich jedoch auch aus der Differenz der Lésungswiirmen bei 
gleicher Endkonzentration ermitteln lassen. 

In der Diskussion der kalorischen Erscheinungen bei der Verstreckung 
spielt ausserdem die spezifische Wiirme als Funktion der 'Temperatur und 
der Verstreckung eine Rolle. Deshalb bauten wir auf Weiterentwicklung 
der Differential-thermoanalyse eine empfindliche quantitative Methode 
auf, die diese Daten liefert und von denen an anderer Stelle einiges berichtet 
wurde.® 

Zwei Punkte seien hier behandelt: 

(a) Man sollte erwarten, dass die Erhéhung der Enthalpie eines Materials 
beim Verstrecken, wie sie im Verstreckungskalorimeter unmitte!bar wiih- 
rend des Vorgangs bestimmt wird, die gleiche ist, die man anschliessend 
aus der Differenz der Lésungswiirmen von unverstrecktem und verstreck- 
tem Material feststellt. Das ist nicht der Vall. Letztere Differenz ist 
kleiner. '° 

Die einzig mégliche Erklirung hierfiir ist, dass im Anschluss an eine 
Verstreckung Nacheffekte, langsame weitere Umordnungen der Molekiile, 
stattfinden, die mit einer Abnahme der freien Enthalpie verbunden sind. 
D.h. sowohl die Enthalpie als auch die Entropie des Materials veriindern 
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Abb. 4. Berechnung aus Abb. 3 fiir die Differenz AU’ (AH) der Innerern Energien. 
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Abb. 5. Die Auswertung fiir die Uebertemperatur der Fliesszone (gekriimmte Kurven) 
im Vergleich zur Versuchstemperatur (Geraden bei 20° und 30°). Die ausgezogenen 
und die gestrichelten Kurven gehéren jeweils zusammen. 


sich anschliessend an eine Verstreckung. Derartige Nacheffekie sind aus 
technischen Prozessen bekannt, und man sucht sie durch “‘Alterung,” z.B., 
Tempern im feuchten Zustand unter Zug, zu beschleunigen. Im iibrigen 
dokumentieren sie sich zum Teil auch in der Spannungsrelaxation. 

Nun war, um das fiir unsere Lésungsmessungen erforderliche Material 
von etwa '/, g herzustellen, eine gewisse Zeit notwendig, zu der die Zeit 
der Thermostatisierung im Lésungskalorimeter hinzukommt. Wahrend 
dieser Zeit von im Mittel 12 Stunden bis zur Messung wird also durchaus 
mit einer Verainderung der Enthalpie des verstreckten Materials zu rechnen 
sein. Man kann eine Art Te:mschema aufstellen, hier fiir Polyvinyl- 
chlorid (Abb. 1), aus dem deutlich zu erkennen ist, wie durch Kombinatn.. 
von Messungen mit dem Verstreckungskalorimeter und solchen mit dem 
Lésungskalorimeter quantitative Werte gefunden werden kénnen. Diese 
Experimente sollten noch in Abhangigkeit von den Lagerungsbedingungen 
nach der Verstreckung, insbesondere von Lagerungszeit und -temperatur 
weiter analysiert werden. 

(b) Die zweite Frage, die ich hier behandeln will, ist die, in wieweit sich 
die ‘‘vollstindige”’ Energiebilanz, d.h. die Deformationsarbeit und die bei 
dieser Deformation entstehende Wirme als Funktion der Deformationsge- 


schwindigkeit veriindert.® 
Hierzu schien das Polycarbonat ein besonders geeignetes Material, da es 
bei praktisch konstantem Streckverhiltnis von 2,24 iiber alle anwendbaren 
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Geschwindigkeiten von extrem Jangsam bis zu der, bei der es gerade noch 
nicht reisst, sich stets mit Fliesszone verst reckt. Die scharfe Fliesszone ist 
geometrisch sehr gut ausmessbar und in ihrer Form ebenfalls unabhiangig 
von der angewendeten Geschwindigkeit. Es verindert sich also der diussere 
Ablauf der Verformung mit der ( reschwindigkeit nicht. 

Abb. 2 zeigt eine Messkurve mit dem neuen Gerit. 

Abb. 3 zeigt den Verlauf der Deformationsarbeit und der zugehérigen 
Warmeténung fiir die Verstreckung von 1 g Material als Funktion der 
Geschwindigkeit. Die Kurven bei 20 und bei 30°C Verstreckungstemperatur 
zeigen innerhalb der Messgenauigkeit fiir die Warme denselben Verlauf, 
wihrend die Arbeit bei 20° etwas héher liegt. Dementsprechend ist die 
Zunahme der Enthalpie (Abb. 4) fiir eine Verstreckung bei 20° im Bereich 
konstanter Wirmeentwicklung iiberall einige Prozent héher als bei 30°. 
Auffallig ist, dass die Arbeit bei einer bestimmten, sehr scharf definierten 
Geschwindigkeit in einer Stufe ansteigt, wihrend sich fiir die Wiarme nichts 
erkennen liisst. Schliesslich fallt auf, dass nach kleinen Geschwindigkeiten 
hin bei konstant bleibender Arbeit die Wiirmeentwicklung absinkt. 

Aus diesen Kurven ergibt sich ferner, dass oberhalb der Stufe die Enthal- 
pieerhéhung des Verstreckten grésser ist und dass sie ferner nach kleinen 
Geschwindigkeiten zu stark ansteigt (Abb. 4). 

Das Absinken der Warmeproduktion nach kleiner werdenden Ge- 
schwindigkeiten zu wird zweifellos mit der Abnahme der Knergiedissipation 
durch innere Reibung mit sinkender Geschwindigkeit zusammenhingen: 
Es zeichnet sich der Uhergang von einer Verstreckung mit thermischer zur 
isothermen Fliesszon. ib."1 Wenn man nimlich die Warmeproduktion 
mit dem Volumen der Fliesszone kombiniert, lisst sich die Iliesszoneniiber- 
temperatur abschitzen (Abb. 5). Sie sinkt in gleicher Weise wie die 
Warmeproduktion nach langsamen Geschwindigkeiten zu ab. Der gleich- 
zeitige Anstieg der Enthalpie nach langsamen Verformungen hin muss 
auf einer Veriinderung des Umordnungsmechanismus der Molekiilseg- 
mente zueinander beruhen. 

Die Deutung der Stufe in der mechanischen Arbeit erscheint schwieriger. 
Man kann aus der Streckgeschwindigkeit die Zeit abschiitzen. wihrend der 
die Fliesszone um die eigene Breite weiterwandert. Das Reziproke dieser 
Zeit entspricht einer Frequenz und sollte—so kénnte man vermuten—mit 
der Frequenzlage eines Relaxationsmaximums der mechanischen Dimpfung 
in Zusammenhang stehen. Man findet zwar bei nicht vollkommen ausgetem- 
pertem Polycarbonat im dielektrischen Verlust ein Maximum. das um- 
gerechnet auf 1 Hz entsprechend liegt, das jedoch mit der Temperatur 
seine Lage stark verschiebt und ausserdem relativ breit ist. Somit lasst 
sich auf diese Art weder die Tatsache, dass die Stufe steil ist, noch die 
Unempfindlichkeit der Lage der Stufe auf Variation der Strecktemperatur 
verstehen. 

Ks scheint deshalb einer etwas anderen Deutung'der Vorzug zu gebiihren, 
bei der die Temperaturleitfihigkeit des Materials mit hinzugezogen wird. 
Nach der Seite des unverstreckten Materials zu ist ein relativ steiler Tem- 





122 F. H. MULLER UND N. WEIMANN 


-—- 


peraturgradient wihrend der Verstreckung vorhanden (Abb. 6). Dieser 
verursacht, dass die bei der Streckung im Fliesszonenbereich produzierte 
Wiirme jeweils bevorzugt in das Gebiet gefiihrt wird, das sich im nichsten 
Augenblick verformen muss. Wenn jedoch die I liesszone rascher tiber das 
Material fortwandert (héhere Streckgeschwindigkeit), als die ‘Temperatur- 
leitfihigkeit ein Ausbreiten der erhéhten Temperatur gestattet, wird sich 
der Temperaturgradient aufsteilen (Abb. 6b). Das von der Verformung 
im nichsten Augenblick erfasste Material wird nicht mehr wie bei langsa- 
men Verstreckgeschwindigkeiten um die Fliesszoneniibertemperatur wiir- 


mer sein. Es muss also bei der tieferen Strecktemperatur verformt werden, 


und der Aufwand an mechanischer Arbeit wird deshalb héher sein. Das 
kénnte wegen der Versteilung der Temperaturgradienten sehr scharf bei 
einer bestimmten Streckgeschwindigkeit einsetzen. Tatsiichlich ent- 
spricht die Héhe der Stufe etwa dem Doppelten der Erhéhung der Arbeit 
beim Ubergang der Versuchstemperatur von 20° auf 30°C, also einer An- 
derung um 20°, wiihrend fiir die Fliesszoneniibertemperatur 18°C ermittelt 


wurden. 


Temperatur 


Abb. 6. Schematischer Verlauf der Uebertemperatur iiber die Fliesszone, ausgezdgen bei 
langsamer, gestrichelt bei schneller Streckung, unter- und oberhalb der Stufe. 


Die Art der Umlagerung wird sich entsprechend wie bei kilterem Mate- 
rial veriindern. Somit erklirt sich sowohl die Stufe in der Arbeit wie in der 
Knthalpie. Und die Unabhingigkeit von der Verstreckungstemperatur 
resultiert aus der geringen Abhingigkeit der Temperaturleitfaihigkeit von 
der Temperatur. Um weitere Bestétigung zu erhalten, wird es notwendig 
sein, nunmehr den bei der Entlastung der Proben auftretenden Wirmeeffek- 
ten mehr Aufmerksamkeit zu widmen, insbesondere die bei Spannungsrelaxa- 
tion zu vermutenden abzutrennen.'? 

Schlieslich sei noch eine Abschitzung mitgeteilt, die sich auf zweierlei 
Weise tiber den Fliesswiderstand des Materials im Bereich der Fliesszone 
wiihrend der Verstreckung treffen lisst. Sowohl eine geeignet umgeformte 
Beziehung fiir die Ermittlung einer “‘Viskositat” von Stefan-Trouton fiir die 
Kraft als Funktion der Streckgeschwindigkeit'® als auch die Berechnung 
einer “Viskositiét’’ des Materials aus der pro Sekunde und Volumeneinheit 
entwickelten Wirme wiihrend der Verstreckung im Bereich der Fliesszone 
unter Zuhilfenahme einer Abschitzung des Schergefiilles fiihrt zu Formeln, 
nach denen der Fliesswiderstand umgekehrt proportional zur Streckge- 
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TABELLE I 


Viskositiit in der Fliesszone 


aus Reibungswiirme: 


; lv \? 7 QOxB 
Q@=nx(" 5 ae 9g 
dy ‘ Alix + 1)? 


opB ® X 2x(d — 1) l 


von Stefan: > x x 
‘ qr(\ + 1) v 


Geschiitzte Werte der “Viskositiit’’ » in der Fliesszone 


Streckgeschwindigkeit, cm/sec m, poise nm, poise 


v sx iv 2,8 X 107 0,9 X 107 
ist: a 1,4 X 107 0,46 X 107 


schwindigkeit laufen muss. (Tab. I). Das entspricht einer von Lazurkin 
schon erwiihnten Tatsache.' 

Die aus der Geometrie der Fliesszone und den Niherungen tiber Scherge- 
fille ermittelten Werte liegen jedoch im ersten Falle héher als im zweiten 
(Tab. I). Den absoluten Werten nach liegen sie stets weit unter den Vis- 
kositiitswerten von Glisern im Einfrierbereich (5 Zehnerpotenzen). Daraus 
folgt zuniichst die Bestitigung, dass das Auftreten der Fliesszone auf einem 
nichtlinearen Verhalten beruht:'! bei héheren Verformungsgeschwindig- 
keiten baw. -Kriiften sinkt der Fliesswiderstand stark ab.'” 

Die héheren Werte fiir die ‘Viskositiit,” die man aus der Wirmeproduk- 
tion erhilt, kénnen jedoch darauf hinweisen, dass nur ein Teil der gemes- 
senen Wiirme durch Entropieerzeugung, d.h. als Reibungswiirme, entsteht, 
ein anderer Teil jedoch aus einer Entropieverminderung wiihrend der 
Verstreckung resultiert. 

Sollten die angewendeten Formeln geniigend gute Niherungen darstellen, 
so wire damit ein Weg gegeben, um ausser tiber die Enthalpiedinderung bei 
Verstreckung, die nach dem ersten Haupsatz exakt aus Differenz von Ar- 
beit und Wiirme folgt, auch elwas uber die Entropiednderung bei einer De- 
formation aussagen zu kénnen. Dafiir besteht bisher keine Méglichkeit,"” 
und es wiire sehr interessant, wenn sich hiermit ein Weg zu diesen Aussagen 


eréffnen liesse. 
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Zusammenfassung 


Aus der Messung der Wiirmeeffekte und der Arbeit bei Verstreckung von Polycarbonat 
mit grosser Variation der Streckgeschwindigkeit und bei zwei verschiedenen Tempera- 
turen, ergeben sich Folgerungen iiber die bei der Verstreckung auftretende Enthalpie- 
zunahme. Auf die Entropieiinderung beim Verstrecken scheinen indirekte Schliisse 
méglich zu sein. Der Einfluss von Temperaturausgleichsvorgingen wird bestitigt, und 
es scheint auch die Spannungsrelaxation des verstreckten Materials mit einer Wirmeent- 


wicklung gekoppeltzusein. 
Résumé 


La measure des effets thermiques et du travail d’éntirement sur le polycarbonate pour 
de grandes variations de la vitesse d’étirement et pour deux températures différentes, 
permet de tirer des conclusions sur l’augmentation d’enthalpie résultant de |’étirement. 
Il semble qu’en ce qui concerne le changement d’entropie lors de |’étirement, on puisse 
déduire des conclusions indirectes. De plus des données au sujet de |’influence d’effets 


de compensation de la température se trouvent confirmées; de méme il semble que le 
relachement de la tension du matériel étiré puisse étre couplé avec un dégagement de 


chaleur. 
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Synopsis 


The application of the torsional braid technique to the thermal analysis of polymers 
(and monomers) is demonstrated. Included in this work are details of a visual method 
for estimating the dynamic mechanical damping factor of a freely oscillating system. 
Studies of a thermoplastic polymer and a thermosetting resin are presented in which their 
thermal behavior is demonstrated with respect to first and second order transitions, cure, 
thermal crosslinking and degradation. Isotactic polypropylene is studied as an example 
of a semicrystalline thermoplastic polymer. The monomer 1,3,5-triacrylylhexahydro-s- 
triazine represents an example of a thermosetting material. The dynamic mechanical 
data are compared with the results obtained by differential thermal analysis, thermo- 
gravimetric analvsis, and infrared spectroscopy. 


Introduction 


The current report demonstrates the interrelationship of the results 
of the various techniques which are used in the thermal analysis of poly- 
mers. It will be apparent that no one technique should serve as the tool 
for even a preliminary examination. Degradation can occur without 
loss of weight, without apparent changes in infrared spectra, without 
apparent changes in electrical and mechanical properties, and without 
measurable changes in heat content. Unfortunately a technique of 
general applicability which uses a mechanical property as an index for 
the measurement of thermal stability has been lacking. Torsional braid 
analysis represents an attempt to fill this gap in the preliminary screening 
of polymers. 

Torsional braid analysis! (TBA) is a dynamic mechanical method for 
the investigation of polymers. The technique is based on the fact that 
changes in dynamic mechanical behavior with temperature (or other 
variables) of a composite made up of a mechanically inert substrate 
(the braid) and a polymer can be attributed to changes in the polymer. 
In contrast with classical methods of dynamic mechanical spectroscopy, 
for which geometrical specimens are fabricated, the present technique 
permits the investigation of any type of polymer (or chemical compound) 


* This paper is the third in a series?»4 on the subject ““Dynamic Mechanical Properties 
of Supported Polymers.’”’ 
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which can be deposited or synthesized on the braid. The current com- 
munication relates the status of the technique and exemplifies its utility 
in the thermal analysis of polymers. Polypropylene, as an example of a 
thermoplastic semicrystalline polymer, was examined in the expectation 
of being able to detect both the second order transition of the amorphous 
region of the polymer (glass transition) and the first order transition 
associated with the crystalline region (melting point). As an example 
of a thermosetting material the monomer 1,3,5-triacrylylhexahydro-s- 
triazine was investigated. The simplicity of its structure permitted 
changes in mechanical properties to be correlated with the results of 
other methods of thermal analysis. These latter include thermogravi- 
metric analysis and differential thermal analysis. Complementary 
examination by infrared spectroscopy is essential in order to be able to 
correlate the results with specific chemicz| processes. 


Procedure 
A. Rigidity Determination 


The torsional pendulum of previous publications'~* was employed 
throughout these studies. The shaft of the pendulum consists of a loose 
braid of glass fibers‘ which is impregnated with the polymer to be studied. 
The mechanical properties of the composite are ascertained by observation 
of the sinusoidal torsional oscillations of an inertial mass which is suspended 
by the shaft. Free oscillations are induced into the system from time to 
time, in the manner which has been described.! Two parameters are 
currently used in an attempt to obtain a measure of rigidity and damping. 
The relative rigidity! and damping index correspond to the real part of 
the complex modulus and to the logarithmic decrement, respectively. 
The relative rigidity, @,/Go, refers the rigidity at time ¢ relative to that at 
an arbitrary time & in the same experiment, and is calculated from the 
period P of the oscillations. G,/G@Go = (Po/P,*. Subscript T is employed 
when temperature rather than time is variable. 


B. Visual Determination of Dynamic Mechanical Damping 


The damping index, which is designated 1/n, is determined by a visual 
method. This consists in counting the number of oscillations n which 
the eye can discern upon induction of free, damping vibrations. The 
approach supplies reproducible data and has a physical basis. An analysis 
of the relationship between the damping index 1/n, and the logarithmic 
decrement A, follows. 

In general A may be defined thus: 


A = In (Ao ‘A}) = In (A;/A2) = In (A2/As3) 2. = In (Ag-1/An) (1) 


where A,_; and A, refer to successive peaks in amplitude of a time- am- 
plitude decay curve (damped sine wave). There are several ways of 
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evaluating A from such a curve. When a trace of the time-amplitude 
decay curve is available, A is obtained directly from the slope of the 
straight line which results from plotting In A, versus the cycle number. 
The method is tedious. Another way of determining the logarithmic 
decrement is to establish the cycle number at which the initial amplitude 
Ao decays to a predetermined factor, say fAo, of the original amplitude.® 
Such a procedure offers the possibility of a ‘one point” determination 
of A. This is the basis for the visually determined damping index 1/n. 
The technique was conceived from the observation that in highly damped 
regions, only one or two swings of the pendulum could be obtained no 
matter how vigorously the pendulum was impulse-activated. In a weakly 
damped region, under the same degree of activation, hundreds of swings 
could be counted. From a mathematical analysis of this behavior the 
logarithmic decrement may now be defined as: 


A = 1/n In (Ad/A,) 
If A, is set equal to fAy the equation takes the form: 
A = 1/nIn (1/f) (3) 


where f is the fraction of the original amplitude one can distinguish visually 
during the course of the free vibration. This coefficient may be called 
the motion perceptivity factor for free vibration. From eq. (3) for a 
constant initial amplitude and an assumed constancy in f, the value of 
1/n may be considered to be directly proportional to the logarithmic 
decrement. This term 1/n may be called the mechanical damping index. 

The mechanical damping index has been tested as a means for measuring 
damping in torsional braid experiments. In all cases where measurements 
were compared with experimental data obtained by conventional (absolute) 
methods, the qualitative behavior of the mechanical damping index, 
1/n, paralleled that of the logarithmic decrement, A. Under some con- 
ditions the relative levels of 1/n and A were displaced. This led to 
the suspicion that f may not be constant. The nature of f was therefore 
investigated in greater detail. 

The determination of f was accomplished by a procedure which was 
based on the linearity of the following equation: 


In (1/fi) = Ang (4) 


where f;, is the fraction of the original amplitude remaining, A;/Ao, at 
cycle number n;. Values of A, at constant A» were obtained by following 
visually the behavior of the time-amplitude decay curve on the torsional 
braid apparatus. This was accomplished by marking off on a sheet of 
polar graph paper which was located beneath the oscillating pendulum, 
the peaks of the decaying curve at various cycle numbers. Plots of 
In (A;,/Ao) versus n, were found to be linear. An extrapolation of this 
straight line to n yielded an estimate of In (1/f). Such an experimental 
procedure was carried out for a number of values of n (by using the dif- 
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ferent materials of Table 1) while estimates in the errors in determining 
n were also made. The results presented in Table I show some experi- 
mental characteristics of this visual method for estimating the logarithmic 
decrement. Of immediate interest is the fact that f is not constant in 
the region where has values below about 30. Secondly for high values 
of n the estimation of n by (uncontrolled A») impulse activation of the 
pendulum is as good as the value of n obtained when Ag is controlled. 
(In this latter case Ay represents stressing 90° from equilibrium.) From 
these data, an estimate of the errors was made. It appears that for 
high values of n the logarithmic decrement A can be obtained with precision 
and accuracy using this visual method. At lower values of n, say below 
thirty, errors in reading n are apparent. Here errors of over 10% are 
encountered. [I urthermore from this analysis, at very high damping, 
errors of 50% in the determination of A may arise. If the variation of 
In (1/f) with n is taken into account, the errors in A for low values of n 
are greatly lessened. Unfortunately In (1/f) is difficult to determine 


for low values of n. 


TABLE I 
Estimation of Errors Involved in the Visual Method for Obtaining Mechanical Damping 
as Applied to Torsional Braid Analysis 








n 
I me 
Fre- Impulse _ II A es ae 
saat error in 1/n 
quency, acti- Stressed In (based eel 
Material cps vated to 90° (1/f) on IT) A*® B> Sum 
Epoxy resin’ on glass fibers 1.38 90.0 90 6.40 0.072 0-0 O 
Polymethyl methacrylate*® 2.07 25.0 30 6.40 0 .213¢ 20 0 20 
rod 
Cotton thread 0.12 19.0 16 5.86 0.366 16 10) 26 
PMMA-benzene solution 0.32 3.5 | 1.82 1.205 14 33 «47 


coated on cotton thread® 


* Possible error in 1/n due to non-constant Ao. 


» Possible error in assuming In (1/f) is constant (6.40). 
° Value (ref. 8) for PMMA at room temperature is 0.25 (torsional pendulum). There- 
fore, the absolute error in the method could be about 12%. 


In regard to the measurement of logarithmic decrement by more ab- 
solute schemes, the values of A for high damping are usually subject 
to errors from inherent sources. For example, eqs. (1) and (2) are valid 
only for low damping levels and errors up to 15% exist in these regions. 
Nevertheless, logarithmic decrement curves in free vibration are still 
considered interpretable in a qualitative sense. It is therefore felt that 
although visual determination of A by the method analyzed herein does 
not produce absolute values of A, especially when In (1/f) is assumed 
constant, the value of mechanical damping reflected by 1/n is sufficiently 
adequate for qualitative interpretation of the data. 
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There is no doubt that analysis of a polymer in terms of the concurrently 
determined relative rigidity and damping index parameters provides an 
excellent basis for the investigation of changes which occur in polymers. 
This is due in large measure to the range of values which the parameters 
cover in the present experimental procedure. ‘The relative rigidity 
extends over four to five, and damping index over more than three, orders 
of magnitude. Instrumentation of the torsional braid apparatus will 
permit an accurate measure of damping to be made for the composite. 


". General Procedures 
C4 iP l 


Studies of polymers from room temperature to 500°C. were conducted 
in an apparatus‘ which used an air-fluidized bed of silica gel as the heat- 
transfer medium. Studies from — 100°C. to room temperature employed 
liquid nitrogen as the initial coolant for the fluidized bed. In the com- 
plementary techniques of differential thermal analysis (DTA) and ther- 
mogravimetric analysis (TGA) the rate of temperature increase is rarely 
programmed at less than two degrees per minute. A slower rate of heating 
would not alter resolution of the cumulative parameter, loss of weight, 
in TGA; however, in DTA the discrete exo- and endothermic processes 
would be obscured with a much slower rate of rise of temperature. In this 
communication the results of TGA and DTA are for a programmed rate 
of five degrees rise per minute. A faster rate is less harmful to the sen- 
sitivity of the relative rigidity than to the damping index. This is be- 
cause of the finite time required for a reading (e.g., with a period of 1 sec., 
300 discerned oscillations would take 5 min. for completion). The graphi- 
cal plots of the mechanical properties as a function of temperature in- 
corporate a time scale. In attempted correlations between TGA, DTA, 
and TBA, transformations should occur at about the same temperature. 
Small variations may be attributed to differences in the rate of increasing 
temperature and to the influence of frequency and possibly filler on dynamic 
transition behavior.2, The frequency of the free vibrations lies within 
the range 0.1-2.5 cps. Unless stated to the contrary, experiments were 
conducted in an atmosphere of nitrogen as described earlier.*° Each 
experiment in TBA used about 0.1 g. while those in DTA and TGA used 
about 0.02 g. of material. 


Thermal Analyses 


Polypropylene 


Polypropylene was powdered in a Wiley mill at —78°C., extracted 
with acetone for 72 hr. in a Soxhlet apparatus and was dried and stored 
in vacuo. An infrared spectrum corresponded” with that of a specimen 
of predominantly isotatic polypropylene. 

The following procedure was used for the preparation of solvent-free 
polypropylene-impregnated braid. A hot solution of polypropylene 
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Fig. 1. Thermo-mechanical behavior of polypropylene: (——)T BA; (---) conventional 


free vibration technique (ref. 11). 


(10%) in tetrahydronaphthalene was applied to the braid by dipping. 
The pendulum was then inserted into the jacket of the torsional braid 
apparatus, air was displaced by nitrogen, and the temperature was raised 
to 180°C. under normal pressure. To insure removal of tetrahydro- 
naphthalene (bp 210°C.) low pressure (0.25 mm. Hg) was applied for three 
hours at 180°C. before cooling slowly in vacuo. The subsequent experi- 
ment was performed at 0.25 mm. Hg pressure. 

The thermo-mechanical behavior of the glass braid-polypropylene 
composite is presented in Figure 1. Dynamic mechanical data'! for an 
unfilled rod of highly crystalline polypropylene are included in the figure. 
A comparison of the data demonstrates the extent of agreement between 
TBA and classical methods. Furthermore, it is apparent that TBA ex- 
tends the range of temperatures capable of investigation by dynamic 


mechanical methods. 

The two distinct damping maxima (about 0°C. and 190°C.) correspond 
respectively to a second order transition*!*'* of the amorphous region 
of polypropylene and to the first order transition'*®:'* due to melting of the 
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crystalline regions of the polymer. It is evident that for a melting transi- 
tion, as well as for glass transitions, a decrease in rigidity accompanies a 
damping maximum. Incidentally with classical (unsupported) dynamic 
mechanical techniques, the detection of first order transitions is rarely 
observed in consequence of limitations in dimensional stability of the 
specimens at temperatures approaching those of a melting transition. 
Analyses by thermogravimetric and differential thermal analyses are 
presented in Figure 2. That the response of DTA to the first order 
transition (at about 170°C.) is greater than to the secondary (at about 
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Fig. 2. Thermal analysis of polypropylene. 


—10°C.) is a consequence of an energy term for fusion. Above the 


melting point at least two discrete processes occur, the endotherm at the 


higher temperature being accompanied by loss of weight. More complete 
studies'*'5 of the degradation of polypropylene revealed the occurrence 
of at least two distinct processes. One involves no loss of weight, has a 
lower activation energy and occurs at a lower temperature than the other 
which with a higher activation energy becomes dominant at a higher 
temperature and involves a more complete breakdown of the polymer to 
volatile fragments. The process with lower activation energy has been 
attributed'* to hydroperoxides which were formed as part of the pre- 
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history of the specimen. A similar explanation would be plausible for 
the present studies. 

Poly(1,3,5-triacrylylhexahydro-s-triazine) 


1,3,5-Triacrylylhexahydro-s-triazine is a trifunctional vinyl monomer!*" 
with a structure represented thus: 


CH.—CH O 


In the absence of an inhibitor, attempts to obtain a melting point are 
accompanied by the formation of an insoluble and infusible polymer. 
This complication presented a challenge to the technique since impreg- 
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Fig. 3. Thermo-mechanical behavior of 1,3,5-triacrylylhexahydro-s-triazine. 
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Fig. 4. Thermal analysis of 1,3,5-triacrylylhexahydro-s-triazine. 


nation of the polymer onto the braid is not possible. Hence crystals of 
monomer were deposited on the braid by brushing with a solution (5%) 
of the monomer in chloroform, and allowing the solvent to evaporate. 
This monomer-impregnated braid formed the sample for the thermal 
softening experiment, the results of which are presented in Figure 3. 
An interpretation is aided (Fig. 4) by complementary examination of 
the monomer by TGA and DTA. 

Melting (158°C.) is accompanied by an endotherm, a maximum in 
damping and a decrease in rigidity. Polymerization is detected im- 
mediately after melting by the increase in rigidity and the exotherm. 
The damping maximum in the vicinity of the melting point shows some 
dispersion and appears to be resolved partially into two peaks. The 
lower and sharper maximum is attributable to the melting os itself 
while the subsequent shoulder is probably the maximum in damping 
which is associated’'* with the curing process. The etd appears 
to be thermally stable to about 350°C. after which a decrease in rigidity 
occurs with a concurrent exotherm. A subsequent increase in rigidity 
is accompanied by loss of weight and an endotherm. The latter might 
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well be accounted for by heat of volatilization. Indeed an oil condensed 
in the cooler part of the apparatus. 

Parallel analysis by infrared spectroscopy supported the interpretations. 
The only changes in the infrared spectrum to about 350°C. were at- 
tributable to disappearance of unsaturation in the vinyl polymerization 
process. Subsequent changes at higher temperatures showed that the 
structure of the residue had lost amide-absorbing groups and had ap- 
proached the structure of polyacrylonitrile pyrolyzed similarly to 400- 
500°C. This is not too surprising since the hexahydro-s-triazine monomer 
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Fig. 5. Thermo-mechanical behavior of diphenyl terephthalate. 


can be synthesized from acrylonitrile and formaldehyde. On the other 
hand the condensate (about 50% yield) consisted of saturated primary 
amides. Further analysis of the oil by gas phase chromatography 
demonstrated the presence of at least a dozen constituents. Since the 
purposes of this research are to show how torsional braid analysis fits 
into a scheme of polymer analysis further investigations concerning the 
specific chemical processes are not reported here. 

In the thermal analysis two processes would require further study for 
complete correlation. The loss of weight and maximum in damping 
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which are apparent in the range 200-300°C. might well be attributed to 
volatilization of free unincorporated monomer. The damping maximum 
at about 400°C. is associated with the degradative processes which occur 
during the pyrolysis. Performing thermo-mechanical experiments at 
different heating rates may help to delineate these. The existence of a 
pyrolyzed continuum (indicated with TBA by an increase in rigidity) 
may well be shown by measuring the change in electrical resistance of 
the braid during the heating.‘ 


Transformations in Monomers 


The examples which have been considered demonstrate that a melting 
transition is accompanied by a maximum in damping and a drop in rigidity 
with rise of temperature. Particularly interesting was the observation 
that this occurred during the melting of a crystalline monomer on the 
glass braid. Results for a crystalline monomer which does not polymerize 
on melting are presented in Figure 5. The monomer was diphenyl tereph- 
thalate (mp 190°C.). Crystals were formed on the braid by evaporation of 
chloroform from an applied solution. Again, decreasing rigidity and a 
maximum in damping occur as the temperature is raised through the first 
order transition. 

Other transformations of monomers are accompanied by changes in 
rigidity and damping. Studies on monomers and model compounds should 
facilitate the interpretation of the dynamic mechanical spectra of 
polymers. 


Conclusions 


It is apparent that preliminary thermal analysis of a polymer should 
involve several complementary techniques. No one technique responds 
to all the transitions and transformations which occur in a polymer system. 
Furthermore the magnitude of response of a technique to a change will 
differ with technique and type of change. It is apparent too that torsional 
braid analysis makes an important contribution in relating not only changes 
but also the mechanical state of a polymer. The present report includes 
several new aspects of the technique. Among these are an analysis of a 
visual method for estimating damping in free vibration and the detection 
of first order transitions in polymers and monomers by the dynamic 
mechanical method. It is suggested that correlations exist between 
relaxations of model compounds and of polymers which could be used to 
facilitate interpretation of dynamic mechanical spectra of polymers. 
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Résumé 






On démontre le procédé de torsion de tresses (torsional braid technique) l’analyse ther- 
mique des polyméres (et monoméres). On donne, dans ce travail, des détails concernant 
une méthode visuelle pour l’estimation du facteur dynamique d’amortissement mé- 
canique et d’un systéme d’oscillation libre. On présente les études sur un polymére 








thermoplastique et une résine thermodurcissable dont le comportement thermique est 





démontré en fonction des transitions du premier et du second ordre, du traitement 
thermique, du pontage thermique et de la dégradation. On a étudié le polypropyléne 
isotactique comme échantillon d’un polymére thermoplastique semi-cristallin. Le 
monomere 1,3,5-triacrylyldecahydro-s-triazine représente un échantillon du matériel 
thermodurcissable. Les données dynamiques concernant les propriétés mécaniques sont 









comparées aux résultats obtenus par analyse thermique différentielle, analyse thermo- 






gravimétrique et spectroscopie infra-rouge. 






Zusammenfassung 






Das Schnurtorsionsverfahren (torsional braid technique) wird zur thermischen Analyse 
von Polymeren (und Monomeren) verwendet. Die’ vorliegende Arbeit gibt auch Einzel- 
heiten einer visuellen Methode zur Bestimmung des dynamisch-mechanischen Diimp- 
fungsfaktors eines frei oszillierenden Systems an. Ein thermoplastisches Polymeres 
und ein wiirmehirtendes Harz werden in Hinblick auf ihr thermisches Verhalten bei 
Umwandlungen erster und zweiter Ordnung, thermischer Vernetzung und thermischem 
Abbau untersucht. Als Beispiel fiir ein semi-kristallines thermoplastisches Polymeres 
wird isotaktisches Polypropylen gewiihlt. _Monomeres  1,3,5-Triacrylylhexahydro-s- 
triazin bildet ein Beispiel fiir einen wirmehirtenden Stoff. Die dynamisch-mechanischen 
Daten werden mit den Ergebnissen der Differentialthermoanalyse, der thermogravimetri- 
schen Analyse und der Infrarotspektroskopie verglichen. 
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Synopsis 


Dynamic differential thermal analysis (DDTA) will be described and its application 
to the study of the glass transition interval of polystyrene will be discussed. The mode 
of operation involves reproducible cooling from the molten state through the glass 
transition interval and subsequent heating, both at reproducible linear rates of tempera- 
ture change. Data on the temperature of half-freezing on cooling and on the tempera- 
ture of the peak and (or) minimum in the heat capacity have been collected and will be 
compared with theoretical expressions derived on the basis of the hole theory of liquids. 
From the half-freezing temperature on cooling; which is taken to be a mean fictive 
temperature, properties of a mean hole are calculated for polystyrene. (Mean molar 
hole volume = 21.9 em.’, energy 1600 cal., activation energy 157,600 cal.; relaxation 
time at the fictive temperature 5.5 min.) DDTA will be shown to be applicable to the 
determination of the second freezing-in process of polystyrene which occurs over a range 
of 230 to 350°K. and is thought to involve the librational motion of the phenyl! rings 


Introduction 


The first detailed investigation by thermal methods of the glass transi- 
tion interval with respect to the time variable was done by Tool and FEich- 
lin' in 1930. Measurements similar to DTA revealed differences in prop- 
erties between glasses obtained by quenching and by annealing. The 
main result was that depending on the rate of cooling through the glass 
transition interval, different behavior on subsequent heating was ex- 
perienced. To describe the experimental results Tool used a fictive tem- 
perature. Above the glass transition interval the fictive and true tem- 
perature are identical. Below the glass transition region the fictive tem- 
perature is constant and has a higher value than the true temperature, 


giving an indication of the frozen-in conformations of the different glasses. 

A better understanding of the fictive temperature is gained in terms of 
the hole theory.** In its latest form this hole theory has been extended to 
Kach hole is characterized by its molar 


describe the glass transition.®° 
volume »,, and the molar excess energy over the no hole situation, ¢. 
* Present address: Department of Chemistry, Rensselaer Polytechnic Institute, 
Troy, New York. 
T Present address: Department of Chemistry, Northwestern University, Evanston, 
Illinois. 
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Fig. 1. Change of N with temperature: (——) calculated for equilibrium (eq. 1); 
(-+-) change on fast or slow cooling; (...) change on subsequent heating. 7', denotes 






the glass-transition or fictive temperature. 






Other parameters of interest are the activation energy for the disappearance 
of a hole ¢;, the partition function of the holes Q”, and the partition function 
of the activated state Qt. The process of disappearance of a hole is 
thought to create elastic strain, which propagates to the surface with the 
velocity of elastic waves. The excess energy is taken up by the changed 
liquid lattice. If the hole-equilibrium is frozen-in, the material is in the 








glassy state. 
The equilibrium number of moles of holes, N,,*, has been expressed as*“ 


Nat = No{ i )e-war (1) 
A 


N» and vp are the number of moles of repeating units in question and the 





molar volume per repeating unit. 
The number of frozen-in holes below the glass transition interval is called 
N, and related to the fictive temperature 7’,, in the following way: 


im vo(")e —¢,/RT, (2) 


Vn 








Figure 1 describes qualitatively the two main situations which can arise 
on cooling a melt through the transition region to a glass followed by sub- 
sequent heating. (a) On slow cooling a relatively small number of holes, Ng, 
are frozen-in. On subsequent fast healing, the equilibrium number of 
holes N,* is overshot since there is not enough time for equilibration, and 
the glass returns to the equilibrium condition via a path which appears 
endothermic, giving rise to a maximum in the specific heat at the point of 
inflection of the curve in Figure 1. (6) On fast cooling on the other hand, 
a relatively large number of holes N, are frozen-in. On subsequent slow 
heating, equilibrium is approached before the N* curve is reached giving 
rise to a minimum in the specific heat at the point of inflection of the ap- 
propriate curve in Figure 1. This minimum is also present, in case (a), 
however, its magnitude is small and it is hard to detect experimentally. 
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Dynamic Differential Thermal Analysis (DDTA) 


In order to investigate the kinetic effects in the glass transition interval 
it is thus necessary to observe the sample during a complete cycle of cooling 
from above the glass transition temperature 7’, through 7’, and then heat- 
ing up through 7’, from low temperatures. For this purpose differential 
thermal analysis’ was modified to allow the dynamic measurements in- 
volving complete heating and cooling cycles. 

A schematic diagram of the dynamic differential thermal analysis ap- 
paratus is shown in Figure 2. 

The heating chamber consists of a 11/2 in. by 5 in. cylindrical brass block. 
Two 7/i. in. holes are symmetrically drilled about a plane through the 
cylinder axis. The holes are °/3. in. from the center of the cylinder. A 
7/1. in. by 2 in. brass rod is placed in the bottom of each hole. The sample 
and reference holders are located in the holes on top of the rods, thus bring- 
ing the sample and reference material near the center of the brass block. 
The brass block is wrapped uniformly with a glass-fiber-shielded heating 
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Magnetic 
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Fig. 2. Schematic diagram of the DDTA-set-up. 
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tape and the tape is insulated uniformly with asbestos. The entire chamber 
is contained in a 1000 ml. vessel which can be evacuated or kept under a 
nitrogen atmosphere. 

The sample and reference holders contain typically 0.5 g. material and 
are 1 in. by 7/;.in. brass vials. The thickness of the vial walls is '/;¢ in. 

Jron-constantan thermocouples are used to measure the temperature of 
the sample and the temperature difference between the sample and the 
reference. The thermocouples are stainless-steel sheathed, insulated by 
magnesium oxide (Aero Research Instrument Company, Inc.) with an 
over-all diameter of !/;, in. They are centered in the heating chamber by 
asbestos cement discs. The thermocouples were calibrated by measuring 
the melting point of a number of compounds that melt in the temperature 
range of interest. The melting points could be measured with a precision 
of +0.2°C. 

The voltage difference between the two thermocouples can be amplified 
by a factor of from 1 to 200 by a d.c. microvolt amplifier (Leeds and 
Northrup 9835b). Range changes are generally made by adding a po- 
tential using a millivolt potentiometer which has a reproducibility of 
+0.005 mv. The amplified voltage is recorded on a two-point recorder 
(Leeds and Northrup Speedomax G). The print cycle is 4 sec. The out- 
put of the thermocouple placed in the sample is recorded on the same re- 
corder. The span of the recorder is two millivolts, but the potentiom- 


100 


90 


S (Arbitrary Units) 


4 5 6 7 8 9 10 
Heating or Cooling Rate (°C./min.) 


Fig. 3. B* (which equals (Cp’/D)) as a function of heating or cooling rate q, (see eqs. 3 
and 9). B* has been obtained by extrapolating (7; — 7's)mer. — (7'r — T's)giass to the 
temperature of half-change in Cp’. Filled points, cooling; circles, heating. Drawn out 
curve: g = 0.1161, B* — 3.1372 K 10-4 B*?, 
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eters allow the zero to be shifted to the desired value for each recorded 
voltage. 

The temperature of the brass block is measured by an iron-constantan or 
chromel-alumel thermocouple placed between the heating tape and the 
brass block. The voltage is recorded by a strip chart recorder with a span 
of 10 mv. The temperature can be controlled at a constant value, varied 
manually or varied automatically (Leeds and Northrup series 60 3-action 
control unit). Automatic programing is accomplished by means of a 
motor-driven cam, cut to the desired program (Leeds and Northrup pro- 
gram control unit 10170). The maximum rate of temperature change is 
7.44°C./min. with the iron-constantan thermocouple. The chromel- 
alumel thermocouple allows rates up to 9.84°C./min. The control unit 
governs a magnetic amplifier whose output is sent through the 192 watt 
heating tape. 

The specific heat of the sample can be set equal to 


c, = D(T, —T,) + K (3) 


D and K are functions which vary only slowly with temperature for linear 
heating rates, and 7’, — 7’, is the recorded difference in temperature be- 
tween reference and sample. Tor the discussion of the part of the specific 
heats due to the change in hole equilibrium, extrapolation of the (7, — 7’,)- 
curve from temperatures below the glass transition establishes a zero base 
line and fixes K. An estimation of D as a function of heating rate can be 
obtained by comparison of the increase in 7’, — 7’, in going from the glassy 
region to the equilibrium melt with calorimetrically measured AC,’s.° 
igure 3 shows such a comparison using 4.7 cal./deg. mole for AC). 


Application to Polystyrene 
1. Qualitative Results 


Figures 4 and 5 show a series of uncorrected DDT <A-traces of the heating 
eycle of quickly quenched and slowly cooled polystyrene samples. The 
polystyrene had a weight average molecular weight of about 350,000. 
The initial cooling cycle was begun about 420°K. Case (a) and (b) of 
Figure 1 are clearly demonstrated by the maxima of the slowly cooled sam- 
ples and the minima of the quickly quenched polymers. 


2. Quantitative Analysis of Peaks for Constant Cooling Rates 


For quantitative analysis the following general expression has been 
derived® for the apparent heat capacity at constant pressure C,’: 
p. eo re N*(T) 
C,’ = ” is | Nat(T) — Ne + 


Th 


ee?) dN ,*( rT | ( t) 


Na*( Ta) 


me "/dT’ 
¢g(T) = 
Ta QTh 


where 
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Fig. 4. DDTA traces for different heating cycles after quenching from above 420°K, 


7), 18 the relaxation time for the oa of holes® 


dT 
| dt | 


q is the heating rate 
(7) 


The apparent heat capacity C,’ is the contribution to the heat capacity 
due to the change in hole concentration. Below the glass transition inter- 
val 

Cc,’ =0 (8) 


above the glass transition interval 


a. (7m) 2 9) 
1 oe Bes 


while eq. 4 expresses the non-equilibrium apparent contribution determined 
by the cooling rate (through N,) and the heating rate q. 

Reevaluating the equilibrium C,’ due to holes (eq. 9) using recent tabu- 
lations® and measurements” gave an estimate of 4.7 cal./mole repeating 
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Fig. 5. DDTA traces for different heating cycles after slow cooling from above 420° 


units at 355°K. Employing the previously described methods,® «, has 
been evaluated to be 1600 cal./mole repeating units while the ratio of re- 
peating unit volume to hole volume is 4.7. If the total hole volume is 
loosely equated to free volume, a free volume of 10% results at the glass 
transition region. This value of 10% is close to the estimate of Simha and 
Boyer"! who extrapolate the liquid volume to O°K. and call the excess 
volume above the liquid volume at O°K. and free volume. Apparently, 
both free volume concepts are related. 

With these data, an exact calculation of C,’ is possible using the above 
equations. These calculations were performed using an electronic com- 
puter. Figure 6 shows the peak temperatures as a function of heating 
rates thus calculated for the 1°C./hr. cooling. The resulting exact curve 
(broken line) is almost a straight line and represents the experimental 
points well. 

Over the limited range of 4 decades, the position of the maximum can 
be approximated by an explicit expression for the temperature of the max- 
imum of C’,,’ at the heating rate q: 


B 


logqg =A — T 
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Fig. 6. Temperature of the maximum of C,’ versus the logarithm of the heating 
rate q for glasses of fictive temperature 365.5°K. (---) computer curve obtained by 
evaluating eq. 4. ( }eq. 13. Points are experimental values. 


with A an approximate constant 


€,2N,*T h.Q" 
: log 


q fa a l 
; rot © + RT (11) 


A log (x Tn* 


Pp 


B = 0.4343 (c,/R) (12) 


All quantities to be evaluated at the respective maxima and averaged in 
the region of interest. Using the data derived above, taking as averages 
the values calculated at 381°K., the following expression is obtained: 


log q = 82.634 — (32014/T,,) (13) 


The difference between q calculated using eq. 13 and q from the exact ex- 

pression eq. 4 is 50% at rates of 10~*°C./sec., goes to zero at the point of fit 

(~0.4 X 10-*°C./sec.) and decreases to —6% for rates of 1°C./see. This 

presents an easy procedure to evaluate e, from peak positions measured at 

different heating rates. Plotting log qg versus 1/7, gives a slope of 
(0.4343/R) (e;). 


3. Quantitative Analysis of Cooling Cycle 


Following the freezing-in process by DDTA on cooling lead to Figure 7. 
The sensitivity of the DDTA allowed observation of the temperature of 
half-freezing for cooling rates from 0.08° C./sec. down to 0.002° C./sec. 
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2 3 4 5 6 7 
10°? x Cooling Rate (*C/sec.) 
Fig. 7. Temperature of half-change in the temperature difference of DDTA traces 
during the cooling cycle. Corresponds to the “fictive temperature’’ of eq. 2. Drawn 
out curve: log q = 90.6852 — 3.4444. 104/7',. 


The analytic form of Figure 7 suggests that the temperature of half-freez- 
ing, which is identical to Tool’s fictive temperature (eq. 2) and should thus 


determine N,, occurs at constant q~): 


hq \/Q" : 
qt, = Const. = aoa” R1 (14) 


kT Qt 


hi ) — (e,/RT)log e (15) 


log gq = log Const. + loe( 


log gq = Const.’ —0.4343(¢,/RT) (16) 


Comparison with experiments assigns ¢; a value of 157.6 keal./mole. 
Comparison of this activation energy with those obtained from the peak 
position of heating runs, which give different «,’s for different cooling 
rates, shows agreement for cooling rates of 0.004°C./see. (which corre- 
sponds to a freezing temperature of 370°K.). 

A provisional conclusion from these results is that there exists a hole size 
distribution, characterized by different activation energies and relaxation 
time spectra. The half-freezing temperature would determine something 
like the activation energy of the mean hole. 


TABLE I 


Properties of a Mean Hole in Polystyrene 


Size (v)) 21.9 em.*/mole of holes 

Energy («,) = 1600 cal./mole of holes 

Activation energy («;) 157,600 cal./mole of holes 
hQ? 
hgt 


qr = constant at freezing temperature = 6.6° 


1.96 * 10~* sec. deg. 
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350 300 
Temperature (°K ) 
Fig. 8. Direct copy of a DDTA-trace of polystyrene through the temperature range 
of the primary and the secondary transition. A A7’ of 20 vv is approximately equal to 5 


cal./deg. mole. 


Assuming the mean hole can be characterized in this fashion, on cooling 
it would have the properties given in Table I. 
The half-freezing temperature allows a comparison with glass transition 


temperatures, which are measured volumetrically. Fox and Loshaek!? re- 
port 373°K. for the glass temperature of polystyrene of infinite chain 
length. This temperature corresponds, according to Figure 7, to a cooling 
rate of 0.02°C./sec. Since qr, at this temperature must be 6.6°, the re- 
laxation time at 373°K. for the mean hole can be calculated to be 5.5 min., 
the order of magnitude suggested by Kauzmann.'* 


4. Measurements of Secondary Freezing-in Processes by DDT A 


As has been known for a long time,'* polystyrene shows secondary 
freezing-in processes below the glass transition temperature which have be- 
fore only been observed by mechanical or related techniques.’ Figure 8 
shows a particularly good DDTA heating trace of the primary freezing-in 
process of holes (glass transition) and the secondary freezing-in process'® 
(attributed to freezing-in of phenyl] group librational motion). 


Summary 


Dynamic Differential Thermal Analysis (DDTA) (Fig. 4) has been de- 
scribed and used to study the glass transition region of polystyrene on cool- 
ing from above 7’, and subsequent heating at reproducible linear rates. 

Data on the temperature of half-freezing (lig. 7) on cooling, and on the 
temperature of the maximum and minimum of C,’ on heating were col- 


lected. 
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Agreement with exact and approximate theoretical expressions for the 
peak temperature on heating could be achieved for constant slow cooling 
followed by variable heating. For different cooling rates different ac- 
tivation energies and entropies are needed. 

rom the half-freezing temperatures on cooling, which is taken to be a 
mean fictive temperature (eq. 2) properties of a mean hole, are calculated 
(Table I). 


Secondary feeezing-in processes are also detectable by DDTA. 


Financial help from the Advanced Research Projects Agency is gratefully acknowl- 
edged. Programming and operation of the computer were done by the Cornell Comput 


ing Center. 
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Résumé 


On décrit l’analyse thermique dynamique différentielle DDTA et on discute de son 
application a l’étude de l’intervalle de la transition vitreuse du polystyréne. Le mode 
opératoire comprend un refroidissement reproductible 4 partir de |’état fondu en passant 
par l’intervalle de transition vitreuse, suivi par un échauffement, les deux A des vitesses 
linéaires reproductibles de changement de température. On a réuni des données sur 
la température de demi-congélation, sur le refroidissement et sur la temperature du 
maximum et/ou du minimum de la capacité calorifique, et on les compare avec les ex- 
pressions théoriques déduites de la théorie des lacunes des liquides. A partir de la tem- 
pérature de demi-congélation, prise comme température fictive moyenne, on a calculé les 
propriétés d’une lacune moyenne pour le polystyréne (le volume molaire moyen de la 
lacune = 21.9 em4, I’énergie: 1600 cal., l’énergie activation: 157.600 cal., le temps de 
relaxation 4 la température fictive: 5.5 min.). On montre que le DDTA peut étre 
appliqué pour déterminer le second processus de congélation du polystyréne, ce qui se 
passe de 230°K 4 350°K, et on pense que cela implique le mouvement libre des noyaux 


phényles. 
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Zusammenfassung 


Die dynamische Differentiaithermoanalyse wird beschrieben und ihre Anwendung auf 
die Untersuchung des Glasumwandlungsintervalls von Polystyrol diskutiert. Die 
Arbeitsweise besteht in einer reproduzierbaren Abkiihlung vom geschmolzenen Zustand 
durch das Glasumwandlungsintervall und darauffolgendem Erhitzen, beides mit repro- 
duzierbarer linearer Geschwindigkeit der Temperaturiinderung. Daten iiber die Halb- 
Gefrier-Temperatur beim Abkiihlen und iiber die Maximums- und Minimumstemperatur 
in der Wiirinekapazitit wurden gesammelt und werden mit theoretischen Ausdriicken 
auf Grundlage der Léchertheorie der Fliissigkeiten verglichen. Aus der Halb-Gefrier- 
Temperatur, die als eine “mittlere fiktive Temperatur’’ angenommen wird, werden die 
Kigenschaften eines mittleren Loches in Polystyrol berechnet. (Mittleres Lochvolumen 
= 21.9 em’, Fuergie 1600 cal, Aktivierungsenergie 157.600 cal, Relaxationszeit bei der 
fiktiven Terperatur 5,5 min). DTA ist zur Bestimmung des zweiten Einfrierprozesses 
in Polystyrol anwendbar, der im Bereich von 230°K bis 350°K auftritt und, wie ange- 
nommen wird, der Librationsbewegung der Phenylringe entspricht. 
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Specific Heat of Synthetic High Polymers. XI. 


The Glass Transition in Isotactie Polypropyiene* 


ISMAT ABU-ISA, V. A. CRAWFORD,7 A. R. HALY,f and MALCOLM 
DOLE, Department of Chemistry and Materials Research Center, North- 
western University, Evanston, Illinois 


Synopsis 


The specific heat of various samples of isotactic polypropylene has been measured 
over the glass transition range from 230 to 310°K. A glass transition has been found, 
the magnitude of which is roughly proportional to the amorphous content of the sample. 
In highly crystalline samples the rise in c, with temperature over the glass transition 
range is probably partly caused by an increase in the number of modes of vibration that 
become active in this temperature range. A new thermodynamic name, the encraty, 
has been given to the function c,/7’ (equals (dS/dT), or —d°G/dT*). The encraty is 
abnormally low for quenched isotactic polypropylene for reasons for which speculations 
only can be given at this time. Negative temperature drifts were observed below about 
270°K. 


I. Introduction 

In a previous study! of the specific heat of atactic and isotactic poly- 
propylene a pronounced glass transition occurring over the temperature 
range —30 to 0°C. was observed in atactic polypropylene, but no transi- 
tion was detectable in the isotactic sample. Since this result was in ap- 
parent disagreement with later specific heat researches of Passaglia and 
Kevorkian? and of Dainton, Evans, Hoare, and Melia,* it seemed worth- 
while to carry out a more complete calorimetric investigation of the glass 
transition range in isotactic polypropylene. 

By means of volume-temperature and stiffness-temperature measure- 
ments Reding‘ found a glass transition in isotactic polypropylene at — 18°C. 


II. Experimental 


The isotactic polypropylene sample, ESCON 114, used in this research 
was supplied by the Esso Research and Engineering Company through 
the kind offices of Dr. John Rehner, Jr. The properties of this material 
are summarized in Table I. 

* The previous paper of this series is given in ref. 1. 

t Materials Research Center Summer Research Participant 1963. Present address, 
Department of Chemistry, Rockford College, Rockford, Illinois. 

t Visiting Research Scholar 1963. Present address, Wool Research Laboratories, 
C.S.LR.O., Ryde, N.S.W., Australia. 
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TABLE I 


Properties of Esso Polypropylene. Lot No. 1625, CD-2 


Heptane 








insoluble Stabilizer Metal fatty acid 
Melt index fraction (phenolic-type ) salt 
3.3 (230°C.) 0.947 <0.2% <0.05% 


3 


Density values, g., cm. 


Total ash As Quenched, 
(ex additives) received Quenched slightly anneeled 
0.889 0.893 





0.01% 0.913 


The quenched polypropylene was prepared by melting it in an atmos- 
phere of helium in a glass cylinder held in an electric oven at about 260°C. 
and then forcing it under helium pressure through an orifice of 2.5 mm. di- 
ameter into liquid nitrogen. The polypropylene froze to a solid rod which 
was then wrapped in cloth while still cold and broken into small pieces so 
as to fit into the calorimeter. It was then allowed to warm up to room 
temperature and to remain at room temperature for about 48 hr. when it 
was loaded into the calorimeter. The density measurement of the 
quenched polymer given in Table I was made after 24 hr. at room temperature. 
The density measurement of the slightly annealed sample was made after 
the quenched material had been heated to 38°C. in the calorimeter. After 
loading the calorimeter with the quenched sample, it was then cooled 
slowly over a period of about 13 hr. and the specific heat measurements 
started. : 

The calorimetric techniques were the same as those previously described. ! 


III. Results 


The data are illustrated in the form of the function c,/7T which thermody- 
namically is equal to the temperature coefficient of the entropy (dS/dT), or 
to the negative of the second derivative of the free energy with respect to 
the temperature, —(d*G/dT*),. This important function has no name 
and we propose to call it the encraty after the Greek word crasis, mixture, 
and to give it the symbol L. In Figure la, open circles, the encraty is 
given for the isotactic polypropylene of initial density 0.913. Our previous 
values! for atactic polypropylene, solid circles, are also shown in Figure la 
as well as similar values for isotactic polypropylene, crosses. The old 
values for the isotactic encraty are seen to agree fairly well with the new, 
probably as well as could be expected in view of the difference in the sample 
density. Also given in Figures 1b and ¢ are encraty values obtained by 
Dainton* and co-workers and by Passaglia and Kevorkian.? These 
encraty values were calculated from the actual specific heat data and not 
from smoothed values. 
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Fig. 1. (a) Encraty values obtained in this work for: (O) isotactic polypropylene; 
previous data from Wilkinson and Dole! are also shown, (@) atactic polypropylene; 
( X ) isotactic; (b) encraty values obtained by Dainton and co-workers;' (c) encraty values 
obtained by Passaglia and Kevorkian;? (d) encraty values for 100% crystalline poly- 
ethylene, calculated from specific heats estimated by Wunderlich.?7 The dotted line il- 
lustrates actual data for Marlex-50 polyethylene obtained by Dainton* et al. All encraty 
data are in units of cal. deg.~2.g.~' & 10". 


In Figure 2 the encraty data for the quenched isotactic polypropylene are 
given, open circles, and for the quenched material on its second heating, 
solid circles. It will be noted that the encraty values of the quenched mate- 
rial are very low at the low temperatures, around 11.0 X 10~‘ cal. deg.~* 
g.—! as compared to a more normal value of 13 X 10~-‘. We believe that 
these abnormally low values are correct experimentally, because we also ob- 
served them in studying the specific heat of a 5n—50 mixture of atactie and 
isotactic poly propylene. 

The data illustrated in Figures la and b demonstrate the existence of a 
glass transition in isotactic polypropylene, but necessarily of a smaller 
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order of magnitude than the glass transition in atactiec polypropylene be 
cause of the partial crystalline nature of the isotactic samples. The maxi- 






mum increase in the encraty over the temperature range of the glass transi- 
tion, AL, the roughly estimated 7, values defined as the temperature at 
which the increase in the encraty during the glass transition has reached 








half of its total value and the density of the samples are given in Table IT, 
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IV. Discussion 







lirst of all, we discuss the question of the existence of a glass transition in 


the amorphous regions of the isotactic sample. We had previously! found 






no glass transition, but by reference to Figure la this can be seen to have 






been due to not working over a large enough temperature range and to the 
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high crystallinity of the material. Our new data coupled with those of 
Dainton et al.’ definitely show a rise in the encraty over the temperature 
range 250-290° KX. and an increase in AL with decrease in crystallinity of the 
samples (Table Il). However, even in completely crystalline polymers the 
encraty furiction will go through a minimum at about this temperature be 
cause of the increase in the number of modes of vibration that come into 


play as the temperature is raised, as has already been discussed by Dole and 


Wunderlich.® In fact if one plots the eneraty of completely crystalline 
polyethylene using for this calculation the specific heat data estimated by 
Wunderlich’ for 100°% crystalline polyethylene, a rise in the encraty with 
temperature occurs, Figure Id a rise which is remarkably similar to that 
shown by the most erystalline polypropylene, Figure la. Inasmucl 
there can be no glass transition in a completely crystalline polymer, one 
might conclude that there was none in isotactic polypropylene. However, 


we reject this conclusion for the following two reasons: Tirst, the increase 
Second, 


as 


in eneraty is greater, the less crystalline the sample (‘Table II). 
the measurements of the thermal conductance of isotactic polypropylene 
carried out by Eiermann® indicate that the thermal conductance passes 
through a very broad maximum at 0 to 50°C. Eiermann and Hellwege® 
had previously shown a correlation between 7, and the maximum in the 
thermal conductance-temperature curve. Crystalline polyethylene shows 
no such maximum, but a continual decrease in the thermal conductance 
with rise of temperature from —150 to 75°C. (A maximum will exist, but 
below —150°.) ‘Thus, from the standpoint of thermal conductance, iso 
tactic polypropylene is more like amorphous atactic polypropylene than if 
is like crystalline polyethylene. In Figure ld we also have plotted encraty 
values calculated from the low temperature specific heat data of Dainton 
etal.’ Nosharp rise in the encraty can be seen; hence, there is some ques 
tion concerning the validity of using Wunderlich’s extrapolated values for 
the comparison of encraty in this temperature range 

The existence of a glass transition in amorphous isotactic polypropylene is 
more clearly demonstrated in Figure 2 where we have plotted the encraty 
values for the quenched polypropylene sample. A considerable rise in the 
encraty occurs over the temperature interval 250-280°lx., and 
this rise is greater the lower the density of the sample as would be expected 
In fact a plot of AL versus the specific volume yields roughly a linear plot 
extrapolating at 100°, amorphous content to approximately the value 
adopted by Wunderlich? as the average value for many substances. 

Although we conclude that a glass transition in amorphous isotactic 
polypropylene does exist, it is very difficult to estimate how much of the 
rise in the eneraty at 7', is due to the glass to liquid transition and how much 
to the normal increase in the number of vibration modes coming into play 
over the glass transition temperature range. 

Dainton and co-workers’ discovered slow temperature drifts with time in 
their atactic samples as a function of pretreatment and temperature. In 
general they found downward drifts up to about 240°IX, and then positive 
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drifts above this temperature. However, if they cooled their atactice poly- 
propylene rapidly to only 273°K., then a downward drift was observed 
from 273 to 303°K. They suggest that the downward drifts may be the re- 
sult of a time delay in the transmission of heat through the polymer granules 
during the heating period. It is doubtful that this is the explanation be- 
cause there is only about a 50% greater thermal conductance in isotactic 
polypropylene than in the atactic. No pronounced temperature drifts 
were observed by Dainton et al.* in their studies of isotactic polypropylene. 
A calculation of the difference in temperature as a function of time in 
cylindrical polymer rods when the surface is suddenly heated by an amount 
AT shows that for a rod of unit radius, the difference between surface and 
actual temperatures has decreased to within 1% of zero in ten minutes. 
For a rod of 0.1 em. radius, the time for 99% decrease in AT’ is reduced to 
0.1 min. 

We observed pronounced downward temperature drifts in the quenched 
isotactic sample which had been cooled over a 13 hr..period to 222°K. 
These drifts became very much smaller in magnitude about 255°K. and 
were slightly positive above 300°K. During the second series of specific 
heat measurements after the material had been again cooled to —235°K. 
(but at an initially slower rate) the negative drifts were about one-seventh 
as large as during the first series of measurements. Unless the quenched 
polypropylene has a considerably reduced thermal conductance as com- 
pared to the initial material, we believe that the temperature drifts are real 
and represent very slow transformations occurring in the polymer. It 
might be noted that in our work the temperature of the calorimeter was 
usually followed for an hour or more after the heating period in contrast to 
the seven minutes employed by Dainton and co-workers.* ; 

A negative temperature drift requires that the process producing it, if 
real, must have a positive entropy increment. Positive entropy 
effects could be produced by a slow incorporation of holes into the amor- 
phous regions of the solid, or by a slow reorganization of polymer into a 
more random configuration of the chains. Inasmuch as the heat effect is 
endothermic, the process would have to have a positive enthalpy increment. 
Actually, the heat effects are very minute; the largest negative temperature 
drift observed, amounting to about 0.008°C. min.~', corresponds to only 
0.0024 eal. g.~' min. ~! 

Finally, we wish to comment on the unexpectedly low encraty values ex- 
hibited by the quenched isotactic polypropylene at low temperatures. If 
any crystallization had occurred during a specific heat measurement, then the 
calculated specific heat would have been abnormally low; but this seems 
unlikely to have happened in the present case inasmuch as the post-heating 
period drifts were negative. A slow crystallization would have produced 
positive drifts. Incorporation of holes during the heating period, like 
melting, would have increased the measured specific heat. A low value of 
c, and the encraty, if real, must be the result of restriction of chain oscilla- 
tions or motions due to the rapid quenching. 
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Résumé 


On a measuré la chaleur spécifique de différents échantillons de polypropylénes-isotac- 
tiques dans le domaine de la température de transition vitreuse de 230 4 310°K. On 
trouve une température de transition vitreuse dont la grandeur est approximativement 
proportionnelle 4 la teneur en quantité amorphe de |’échantillon. Dans les échantillons 
hautement cristallins, l’augmentation de c, avec la température dans le domaine de 
transition vitreuse est sans doute partiellement causée par une augmentation du nombre 
de vibrations qui deviennent actives dans ce domaine de température. On donne une 
nouvelle dénomination thermodynamique, l’encratie, 4 la fonction c,/7' égale (dS/dt ou 
a’G/dT*). L’encratie est anormalement basse pour des polypropylénes refroidis; seules 


des spéculations peuvent expliquer actuellement ce phénoméne. On observe des change- 
ments négatifs avec la température en-dessous de 270°K. 


Zusammenfassung 


Die spezifische Wirme verschiedener isotaktischer Polypropylenproben wurde im 
Glasumwandlungsbereich von 230 bis 310°K gemessen. Es wurde eine Glasumwandlung 
gefunden, deren Grésse ungefiihr dem Gehalt der Probe an amorpher Substanz propor- 
tional ist. Bei hochgradig kristallinen Proben ist der Anstieg von c, mit der Temperatur 
im Glasumwandlungsbereich wahrscheinlich zum Teil durch eine Zunahme der Zah!l der 
Schwingungsfreiheitsgrade, die in diesem Temperaturbereich aktiv werden, bedingt. 
Eine neue thermodynamische Bezeichnung, niimlich Enkratie, wurde fiir die Funktion 
c,/T (identisch mit (dS/d7’), oder —d°G/dT*) gewihlt. Die Enkratie ist fiir abges- 
chrecktes isotaktisches Polypropylen abnorm niedrig; iiber Griinde fiir dieses Verhalten 
kénnen derzeit nur Vermutungen angestellt werden. Unterhalb etwa 270°K wurde eine 
negative Temperaturabhiingigkeit beobachtet. 
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Thermal Conductivity of High Polymers 


K. EIERMANN, Deutsches Kunststoff-Institul, Darmstadt, Germany 


Synopsis 


The thermal conductivity of several high polymers was measured in the temperature 
range from —190 to 90°C. with an automatic apparatus. In amorphous polymers a 
break has been found in the thermal conductivity at the glass transition temperature. 
This break can be explained by a model conception, which coordinates an elementary 
thermal resistance to every bond and which is also able to interpret the anisotropy of the 
thermal conductivity of stretched amorphous polymers. Even a rather universal rela- 
tion between the anisotropies of the thermal expansion and the thermal conductivity 
can be derived. In partially crystalline polymers the thermal conductivity of the 
amorphous and the crystalline phases can be calculated from values measured with speci- 
mens of different crystallinities. The thermal conductivity of the crystalline phase of 
polyethylene shows the 7'~'-law, valid for low molecular crystals. In other polymers 
we find a different behavior: the thermal conductivity of the crystalline phase is similar 
to that of the amorphous phase; we find that it can be described and calculated by 
means of the model derived from amorphous polymers. This model permits also to 
interpret the course of thermal conductivity at first-order transition points. 


The thermal conductivity of several high polymers was measured in the 
temperature range from —190 to 90°C. with an automatic apparatus.' 
Relations between thermal conductivity, structure, and temperature of 
high polymers could be derived from the results of measurement. Finally, 
these relations could be interpreted by means of model conceptions. Char- 
acteristic differences exist between thermal conductivity of amorphous 
and partially crystalline polymers. 

In amorphous polymers a break?’ occurs in the thermal conductivity at 
the glass-transition temperature (e.g., fig. 1). This break was observed in 
all amorphous polymers tested: natural rubber,? Vulkollan (a polyure- 
thane),? polyischutylene,? atactic polypropylene,‘ polyvinyl chloride with 
different plasticizer contents,? and polychlorotrifluoroethylene.> Shoul- 
berg and Shetter® recently also found the break in polymethy! methacrylate. 
Therefore, such a break probably exists in all amorphous polymers that 
show glass transitions. 

To explain this break, we constructed the following model conception,’ 
which is generally valid for all amorphous substances. It can be shown 
that in an amorphous substance each bond between adjacent atoms is 
equivalent to a thermal resistance, called elementary thermal resistance 
Rw.. The thermal resistance of a macroscopic amorphous specimen con- 
sists of a network of elementary thermal resistances with the atoms as the 
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Fig. 1. Thermal conductivity of natural rubber. 


points of junction. The elementary thermal resistance is dependent on the 
bond force. It decreases with increasing spring constant C', of the bond. 
Therefore a primary valence, for instance, is equivalent to a small thermal 
resistance; a van der Waals bond, toa large one. There is: 


] ma ; 
Ry. = - l 
: const X ky VC, 


m4 is the arithmetical mean of the masses of the two atoms joined by the 
bond; k, is the (formal) heat capacity per atom and the const. is ap- 
proximately unity. 

Amorphous high polymers expand more above glass-transition tempera- 
ture than below; therefore, in the volume-temperature curve a break exists 
at the glass-transition temperature. The spring constant of the bonds is 
dependent on the space between the atoms. Therefore the break in the 
volume-temperature curve is transmitted to the spring constant and to the 
curve of thermal conductivity. 

It has been shown’ that the thermal conductivity of the amorphous 
high polymers is mainly determined by the behavior of the van der Waals 
bonds. From the foree equation for the van der Waals bond the following 
relation between the break in the thermal conductivity and in the volume 


temperature curve can be derived: 


al (3) ar) | = -84 ’ 
xan) | = ~584e (2) 





THERMAL CONDUCTIVITY OF HIGH POLYMERS 


(\ (ar) 


Measured, Calculated, 
o% °C, -1 of °C. =1 


TABLE I 


Substance 


Natural rubber —1 
Vulkollan —1 
Polyisobutylene —1.i 
Atactic polypropylene —1 
PVC with 40% plasticizer —| 
PVC “ WY * —|] 
PVC “ 10% rs —1.% 
Polychlorotrifluorcethylene —1.: 


A((1/d)(dd/d7)) is the increment of the relative temperature coefficient of 
the thermal conductivity and Aa is the increment of the coefficient of cubic 
thermal expansion at the second-order transition temperature. This rela- 
tion is independent of the substance and of the temperature. It agrees 
satisfactorily with the experiment, as shown in Table I (the calculated 


value is valid for all polymers in the Table). 

When amorphous polymers are stretched, there is an increase of thermal 
conductivity in the direction of stretch and a decrease perpendicular to 
it.27 

This effect can be explained thus. In the stretched polymer the chain 
molecules are orientated in the direction of stretch, so that in the network of 
bonds the primary valences with small thermal resistance are chiefly ar- 
ranged in the direction of stretch and the van der Waals bonds with large 
thermal resistance are chiefly perpendicular to it. 

From the model, the following equation can be derived 

l 2 3 

ia ay ie ” 
\ , = thermal conductivity in the direction of stretch; \,. = thermal con- 
ductivity perpendicular to it; and Ajso = thermal conductivity of the un- 
stretched specimen. This equation was tested by thermal conductivity 
measurements of polymethylmethacrylate over a wide temperature range?“ 
and of several amorphous polymers at room temperature;’ the deviations 
were always smaller than 2%. From this model of the stretched network 
we could, in addition, calculate the following universal relation between 
the anisotropy of the thermal conductivity and the anisotropy of the linear 
thermal expansion of stretched amorphous high polymers: 


Aiso B I] ) 
— = 08 “ 0.2 
rv l] ( r 


ae te (2. + 0.2 
AL 


iso 


iso 
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B coefficient of linear expansion in the direction of stretch; 8, co- 
efficient of linear expansion perpendicular to it; and Biso = coefficient of 
linear expansion of the unstretched specimen. With these equations we 
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Fig. 2. Correlation between anisotropy of thermal conductivity and linear thermal 
expansion at stretched amorphous polymers; measured data by Hellwege et al.7: (@) 


polymethyl methacrylate; (X ) polyvinyl chloride; (O) polystyrene; (9) polycarbonate. 
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HPP = high pressure polyethylene. The numbers signify the density of the specimen in 
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Fig. 5. Reciprocal thermal conductivity of the crystalline phase of polyethylene. 


could predict the course of curve in Figure 2, the relation between the 
anisotropy of thermal expansion and thermal conductivity, measured by 
Hellwege et al.’ 

The behavior of the thermal conductivity of partially crystalline poly- 
mers is not uniform. ‘Two classes can be distinguished. One class, to 
which beiong polyethylene and polyoxymethylene, shows a decrease of 
thermal conductivity with increasing temperature. The thermal con- 
ductivity of the other class increases with increasing temperature: poly- 
ethylene terephthalate, isotactic polypropylene, polychlorotrifluoroethyl- 
ene, and polytetrafluoroethylene. 

The thermal conductivity of several polyethylene specimens with dif- 
ferent densities is plotted in Figure 3. It increases with increasing density 
and therefore increasing degree of crystallinity. Moreover the shape of 
the curves changes. This behavior can be explained by means of the 
two-phase model, if the amorphous and the crystalline regions have a dif- 
ferent thermal conductivity and these conductivities are additive in the 
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partially crystalline specimen as in a mixture. Conversely the thermal 


conductivity of the two components can be determined from measurements 


of partially crystalline samples. 
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Fig. 6. Thermal conductivity of polyethylene terepithalate. 


The Maxwell equation*” for the conductivity of mixtures was used. Tor 
our problem it takes the form :*® 
2a “+ rN +. 27 (A; —_ Aa) 


a 


2)a + Ny rahi Y (A, oT: Aa) 


(6) 


\ = thermal conductivity of the partially crystalline specimen; A, = ther- 
mal conductivity of the crystalline phase; A, = thermal conductivity of 
the amorphous phase; and y = degree of volume crystallinity. 

rom the curves measured with two partially crystalline specimens, of 
which the degrees of crystallinity is known, the thermal conductivity of the 
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two phases can be calculated by means of eq. (6). For the amorphous 
phase the curve in igure 4 was obtained. At —20°C. we find a break, as 
expected, because a break in the volume-temperature curve of polyethylene 
is observed at —20°C.," and this break must cause, as shown above, a 
break in the thermal conductivity. 

The thermal conductivity of the crystalline phase of polyethylene de- 
creases sharply with increasing temperature. Tl igure 5 shows the recipro- 
cal thermal conductivity plotted against temperature; we get a straight 
line approximately passing through the absolute zero. The thermal con- 
ductivity of the crystalline polyethylene ‘s thus following the 7'~!-law, 
found by Eucken!! for low molecular crystals. 
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Fig. 7. Thermal conductivity of silicone rubber and polytetrafluoro ethylene. 


To illustrate the second class of partially crystalline polymers, the ther- 
mal conductivity of two polyethylene terephthalate specimens of different 
density and degree of crystallinity is plotted in Figure 6. The measured 
values are plotted in the shape of filled circles. The specimen with the 
lower density was almost completely amorphous; the other specimen was 
about 50% erystalline. From the measured values the thermal conduc- 
tivity in the amorphous (Aq, open circles) and in the crystalline (A,, open 
circles) phase was calculated in the manner described above. 

Contrary to that of polyethylene, the thermal conductivity of the crystal- 
line phase of polyethylene terephthalate increases with increasing tempera- 
ture, like that of the amorphous phase below the glass-transition tempera- 


ture. 
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In an earlier work® we found that the heat conduction in the crystalline 
phase of polyethylene terephthalate (and of all the other substances of the 
second class) can be described by the network of elementary thermal resist- 
ances that is valid for amorphous substances. The higher thermal con- 
ductivity of the erystalline phase was found to be caused by the higher 
density and therefore higher spring constant of the bonds. The relation 
‘an be described by the following equation: 













dd/\ = 5.8 (dp/p) (7) 








(d\/X = relative change of thermal conductivity and (dp/p) = relative 
change of density. By means of this equation we calculated the thermal 
conductivity of the crystalline phase of polyethylene terephthalate from 
the thermal conductivity of the amorphous phase (curve \,) and the den- 
sity of two phases. The calculated thermal conductivity is plotted in Figure 
6 as adrawn line. The curve agrees approximately with the curve A, (open 









circles). 

Surprisingly, eq. (7) is also valid’ for a heterogeneous partially crystalline 
specimen, namely, the difference of the thermal conductivities of two 
partially crystalline samples can be calculated from the difference of densi- 
ties without knowing any value of the amorphous or crystalline phase. In 
this way the thermal conductivity of the partially crystalline specimen in 
Figure 6 was calculated from the curve of the amorphous substance (dashed 
curve in Fig. 6). The calculated curve agrees approximately with the 










measured values. 

Equation (7) also permits an interpretation of thermal conductivity at 
first-order transition points. Figure 7 shows the thermal conductivity of 
silicone rubber and polytetrafluoroethylene. The sharp decrease of the 
thermal conductivity of silicone rubber below —40°C. is caused by the 
melting of the crystalline regions. The shape of the curve in this tempera- 
ture range is similar to the curve of degree of crystallinity,'* as would be 
expected from eq. (7). Polytetrafluoroethylene shows two transitions (at 
20°C. and at 30°C.) in the crystalline phase.'* A break was found'? in 
the thermal conductivity. The breaks in the density-temperature curve 
at the transition points cause the break in the thermal conductivity accord- 
ing toeq. (7). The relative change of the density of our sample is (in con- 
nection with values of Kirby'’) about 0.72% at the transition point of 
20°C.; it is about five times smaller at the transition point of 30°C. 
According to eq. (7) the break in the thermal conductivity at 20°C. should 
be 4.2%; in satisfactory agreement with the experimental value of 5% (see 
Vig. 7). The break in the thermal conductivity at 30°C. is, by eq. (7), 
smaller than 1%, and can therefore not be observed because of the experi- 













mental error. 
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Résumé 


La conductivité thermique de plusieurs hauts polyméres a été mesurée avec un appareil 
automatique dans la région de température de —190°C a +90°C. La conductivite 
thermique des polyméres amorphes présente une discontinuité A la température de transi- 
tion vitreuse. Cette discontinuité peut étre expliquée par une conception modele qui 
coordonne une résistance thermique “élémentaire’’ 4 chaque liaison et qui est également 
capable d’interpréter l’anisotropie de la conductivit® thermique des polyméres amorphes 
Méme une relation générale entre les anisotropies de l’expansion thermique et 


étirés, 
Dans les polyméres partiellement cristal- 


la conductivité thermique peut étre dérivee. 
lins la conductivité thermique des phases amorphes et cristallines peut étre calculee 
d’aprés les valeurs mesurées avec des échantillons de cristallinités différentes. La con- 
ductivité thermique de la phase cristalline du polyéthyléne suit la loi 7'~! valable pour les 


cristaux de faible poids moléculaire. Dans d'autres polyméres on trouve des résultats 


différents: la conductivité thermique de la phase cristalline est sembalble A celle de la 
phase amorphe; nous trouvons qu'elle peut étre décrite et caleulée au moyen du modele 
derive des polyméres amorphes. Ce modele permet également d’interpréter |’ volution 
de la conductivité thermique aux points de transition de premier ordre. 


Zusammenfassung 


Die Wirmeleitfiihigkeit einiger Hochpolymerer wurde mit einer automatischen Ap- 
paratur im Temperaturbereich von — 190°C bis +90°C gemessen. Bei amorphen Poly- 
meren trat bei der Glasumwandlungstemperatur ein Knick in der Wiirmeleitfihigkeit 
auf. Dieser Knick kann durch ein Modell erklirt werden, das fiir jede Bindung einen 
“elementaren’’ Wiirmewiderstand annimmt und auch eine Interpretation der Anisotropie 
der Wiirmeleitfiihigkeit gedehnter amorpher Polymerer liefert. Ausserdem kann eine 
universelle Beziehung zwischen der Anisotropie der Wiirmeausdehnung und derjenigen 
der Wiirmeleitfiihigkeit abgeleitet werden. Bei partiell kristallinem Polymeren kann 
die Wiirmeleitfiihigkeit der amorphen und der kristallinen Phase aus den an Proben mit 
verschiedener Kristallinitiit gemessenen Werten berechnet werden. Die Wiirmeleit- 
fiihigkeit der kristallinen Phase von Polyiithylen gehorcht dem fiir niedermolekulare 
Kristalle giiltigen 7’~'-Gesetz. Bei anderen Polymeren zeigt sich ein andersartiges Ver- 
die Wiirmeleitfiihigkeit der kristallinen Phase ist derjenigen der amorphen 
sie kann mittels des an amorphen Polymeren abgeleiteten Modells 
Dieses Modell gestattet auch eine Interpretation des 


halten: 
Phase ihnlich; 
beschrieben und berechnet werden. 
Verlaufes der Wiirmeleitfiihigkeit an Umwandlungspunkten erster Ordnung. 
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Anisotropy of Thermal Conductivity in Stretched 


Amorphous Linear Polymers and in 


Strained Elastomers 


J. HENNIG and W. KNAPPE, Deutsches Kunststoff-Jnstitut, 
Darmstadt, Germany 


Synopsis 


Linear amorphous high polymers may be made anisotropic by drawing them at tem- 
peratures above the glass-transition temperature and thereafter cooling down in the 
stretched state. With measurements on polystyrene, polymethylmethacrylate, poly- 
vinylchloride, and polycarbonate it can be shown that thermal conductivity in the di- 
rection of stretch is greater and perpendicular to this direction lower than in the un- 
stretched isotropic state. The degree of anisotropy depends on the degree of stretch 
and on the molecular structure of the polymeric chain. By measuring the anisotropy of 
thermal expansion it can be demonstrated that thermal expansivity in the direction of 
stretch will become lower and perpendicular to this direction greater than in the iso- 
tropic polymer. There exists a close relation between the anisotropy of thermal con- 
ductivity and thermal expansivity. From measurements on polyvinylehloride it fol- 
lows that anisotropy of thermal conductivity remains rather unchanged when heating 
the polymer to temperatures above the glass-transition range in the stretched state. 
Therefore it may be expected that also strained elastomers will have anisotropy in 
thermal conductivity. Measurements on several strained elastomers in the direction 
perpendicular to strain had been done which show that strained elastomers with strong 
polar side-groups have a considerable amount of anisotropy, while aliphatic polymers 
like natural rubber and polyisobutylene have no remarkable effects. 


Amorphous linear high polymers can be brought into an anisotropic state 
by straining them at temperatures above the glass-transition temperature 
v,. After being cooled below the glass-transition temperature, the poly- 
mer, when unloaded, will remain in the stretched state. Analogous to 
elastic strain ¢, the degree of stretch is defined by 


n = (1 — Io) ly (1) 


where / is the length of the stretched sample and /) the length before stretch- 
ing. may be controlled by heating the sample and allowing it to contract. 
In the case of polymers of medium and high molecular weight, / will mostly 
return to Jo. In some cases amorphous linear polymers may be stretched 
at temperatures below the glass-transition temperature (cold-drawing, 
cold-stretching), and 7 or /) may also be controlled by contraction after 
heating. 
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Fig. 1. Measurement of the thermal conductivity of stretched samples. 
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Fig. 2. Preparation of strained specimens. 







Anisotropy is caused by orienting the links of the polymeric chain in the 
direction of stretch. Then the anisotropy of the molecular structure in 
the monomer will cause some macroscopic anisotropy, depending on the 
monomer structure and the degree of orientation as well as the degree of 








stretch. 
Since stretched amorphous polymers may exist only below the glass- 





transition temperature, there is no segmental motion in the stretched state 





(frozen-in orientation). According to the theory of rubber elasticity, there 
must be the same kind of orientation, but it is combined with segmental 







motion in strained elastomers with a low degree of crosslinking. There- 






fore, it may be supposed that in some cases the observed macroscopic ani- 






sotropy would be the same belowand above the glass-transition temperature 
. , 





as in the case of birefringence caused by orientation. We have done some 
experiments in this field, since there is little information about the ani- 







sotropy of thermal conductivity. 

Measuring the thermal conductivity of stretched polymers is not difficult, 
if they are kept below the glass-transition temperature, where there is no 
We used specimens of the dimension of 80 








contraction of the specimen. 
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Fig. 4. Relative thermal conductivity of stretched polymers. 


x 80 X 3-5 mm. in the form of rectangular bars, machined from the 
stretched material.'_ These bars were held together with a small metallic 
frame. By turning the bars in a right angle, the thermal conductivity can 
be measured first in the direction of stretch (A)) and then perpendicular to 
this direction (\,), as shown in Figure 1. 

For stationary measurements we used a two-plate apparatus described 
elsewhere.? This apparatus does not need a guard ring. By improving 
this method it was shown that it is not necessary to have two specimens of 
equal geometry and thermal conductivity. It is sufficient to have only one 
test specimen, when the thermal resistivity of the other plate is known. 
















. HENNIG AND W. KNAPPE 










cee a aE I! parallel fo the 


direction 
1 perpendicular of stretch 








85%, a 












0% 







65%, l 


165% LO ney nm 125%, d 


40 60 
temperature > 










20 60 






Fig. 5. Thermal conductivity of stretched PVC. 











More difficulties arise in measuring thermal conductivity of strained elas- 
tomers, since contraction must be prevented. As Figure 2 shows, sheets 
of elastomeric materials were strained and in this state clamped in a metal- 
lic frame. The clamped specimen was put into the two-plate apparatus, 
as shown in Figure 3. By taking first an unstrained specimen without 
frame and then.a clamped specimen of the same unstrained material, it was 
shown that the value of the thermal conductivity is not influenced by the 
greater surface and the metallic frame of the second specimen. Thermal 
conductivity of strained elastomers in the direction perpendicular to stretch 











could be measured by this method. 

Earlier experiments on stretched polystyrene (PST), polymethylmeth- 
acrylate (PMMA), polyvinylehloride (PVC), and polycarbonate ~- (PC) 
were limited to the temperature range below the glass-transition tempera- 
ture.* 'Phey led to the result that thermal conductivity in the direction 
of stretch is greater than perpendicular to this direction. Irregardless of 
the degree of stretch the following relation has been found valid: 























\y is the thermal conductivity of the isotropic unstretched sample. The 
results are summarized in Figure 4. It is shown that for the same degree 
of stretch the anisotropy could have very different values. ‘Thus, the ratio 
(Ay/A,) for » = 100% will rise from PST (1.03) over PMMA (1.22) and 
PVC (1.64) to PC (2.8). From our experiments concerning the anisotropy 
of thermal expansion, it can be seen that there is a close relation between 
anisotropy of thermal conductivity and thermal expansivity, which in a 
first approximation could be described by the following relation.‘ 


No ‘dy (1) = 0.8 B (1) ‘Bo + 0.2 (3) 










8 is the coefficient of linear thermal expansivity. Equation (3) shows that 
the linear thermal expansion in the direction of stretch is smaller than in 






the direction perpendicular to it. 
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Fig. 6. Thermal conductivity of strained elastomers. 


At first it seemed important to prove whether the anisotropy of stretched 
materials would remain at temperatures above the glass transition. In 
this temperature range the linear polymer will behave similar to a strained 
elastomer. Therefore any contraction of the specimen must be prevented. 
The measurement of the thermal conductivity perpendicular to the direc- 
tion of the stretch should not be a problem if the contraction of the speci- 
men is retarded by the cooling plates, which are firmly fixed in position, 
and by the metallic frame around the specimen. The results of some meas- 
urements on PVC are summarized in Figure 5. The curve for A, for 7 
= 125% shows only small changes in the glass-transition range. Thus, 
anisotropy remains nearly unchanged by segmental motion. ‘Therefore 
one should also find similar effects in strained elastomers. 

We chose elastomers without fillers in order to exclude the influence which 
might arise from the orientation of the filler particles. A good many syn- 
thetic rubbers do not have enough strength to withstand a strain e > 50% 
without reinforcing fillers. Therefore, experiments with polybutadiene 
and copolymers of butadiene and styrene are not yet possible. Natural 
rubber has a good mechanical strength without reinforcing fillers. [Figure 
6 shows that natural rubber has no anisotropy of thermal conductivity up to 
strains of 210%, in accordance with the measurements of Hellmuth and 
Millers The same will hold for polyisobutylene, which also, like natural 
rubber, consists of carbon and hydrogen atoms linked by aliphatie bonds. 
For polyisobutylene the absolute value of thermal conductivity at 20°C. 
is about 3.5 X 10~‘ eal./°C. em. sec., which is a little lower than that for 
natural rubber. On the contrary, we observed a considerable degree of 
anisotropy with strained chlorosulfonated polyethylene. Furthermore, 
we find other elastomers showing smaller effects (Fig. 7), for exampie, 
polychloroprene and an acrylonitrile-butadiene copolymer. The curve 
of the strained polyurethane elastomer shows a slight decrease in slope near 
40°C. This was probably caused by melting of crystalline regions. On the 
contrary to crystallization of the isotropic unstrained elastomer,® there is 
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Fig. 7. Thermal conductivity of strained elastomers. 
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Fig. 8. Relative thermal conductivity as function of elongation. 









no observable hysteresis when the strained polymer is cooled. Finally in 
Figure 8 all our measurements on elastomers are compared. 

From Figure 8 it may be seen that, as in stretched linear amorphous 
polymers, there are different degrees of anisotropy. In completely aliphatic 
elastomers there is little anisotropy, while strong polar side groups like 
—C] and —CN often show these effects. It is surprising that the aromatic 
side group in polystyrene has only a small effect on anisotropy, while aro- 
matic rings in the chain seem to cause great anisotropy in polycarbonate. 

Generally, it may be concluded that there are no differences between the 
mechanism of heat conduction in stretched amorphous linear polymers and 
in strained.elastomers. Therefore eq. (2) should also be valid for strained 
elastomers. This assumption seems to be reasonable, because isotropic 
unstretched linear polymers show only small changes in thermal conduc- 
tivity when passing through the glass-transition range. These changes seer 
to be caused by changes in thermal expansivity, which generally arise in 
the glass-transition range. 
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Greater effects and more complicated relations will be found with par- 
tially crystalline polymers, since the orientation of the crystallites will 
have the greatest influence on thermal conductivity. Thus, we found the 
values \, = 6.7 X 10~-‘ and A, = 21 X 10~‘ cal./°C. em. sec. for stretched 
polyethylene (yn = 175%) of medium density, while \) was 8.0 X 10~‘ cal. 
°C. em. sec. 

A theoretical interpretation of the results on noncrystalline polymers 
should take into consideration the earlier work of Kuhn and Griin’ on 
optical anisotropy in stretched chains. From their work an equation 
like (2) can also be derived. 
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Résumé 


Des hauts polyméres linéaires amorphes deviennent anisotropes en les étirant 4 une 
température plus élevée que la température de transition vitreuse, apres quoi on les fait 
refroidir 4 1’état étiré. Avec des mesures effectuées sur du polystyréne et du polycarbon- 
ate, on a pu montrer que la conductivité thermique est plus grande dans la direction de 
l’étirement et moins grande dans la direction perpendiculaire qu’a l'état isotrope non- 
étiré. Le degré d’anisotropie dépend du degré de tension et de la structure moléculaire 
de la chaine. En mesurant l’anisotropie de l’expansion thermique, on a trouvé que l’ex- 
pansivité thermique dans la direction de l’étirement devient plus faible et qu’elle devient 
plus élevée que le polymére isotrope dans la direction perpendiculaire. Il y a une rela- 
tion étroite entre l’anisotropie de la conductivité thermique et l’expansivité thermique. 
Aux dépens de mesures sur le chlorure de polyvinyle, on trouve que l’anisotropie de la 
conductivité thermique reste, méme en chauffant le polymére étiré & une température 
plus ¢levée que sa température de transition vitreuse. A cause de cela, on peut s’attendre 
ace que les élastoméres ¢tirés eux-aussi auront une anisotropie de conductivité thermique. 
Des mesures, sur différents élastoméres ¢tirés, dans la direction perpendiculaire 4 la 
direction de |’étirement, ont été effectuées et montrent que les élastoméres ¢tirés possé- 
dant des groupes fortement polaires ont une anisotropie considérable, tandis que des 
polyméres aliphatiques, comme le caoutchouc naturel et le polyisobutyléne, ne montrent 
pas d’effets mesurables. 


Zusammenfassung 


Lineare amorphe Hochpolymere kénnen durch Reckung bei Temperaturen oberhalb 
der Glasumwandlungstemperatur und darauffolgende Abkiihlung im gedehnten Zustand 
anisotrop gemacht werden. Messungen an Polystyrol, Polymethylmethacrylat, Poly- 
vinylchlorid und Polykarbonat zeigen, dass die Wiirmeleitfihigkeit in der Dehnungsr- 
richtung grésser und senkrecht dazu kleiner ist als im ungedehnten isotropen Zustand. 
Der Grad der Anisotropie hiingt vom Dehnungsgrad und von der Molekularstruktur der 
Polymerkette ab. Durch Messung der Anisotropie der Wirmeausdehnung kann gezeigt 
werden, dass die Wirmeausdehnung in der Dehnungsrichtung kleiner und senkrecht 
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dazu grésser wird als im isotropen Polymeren. Es besteht eine enge Beziehung zwischen 
der Anisotropie der Wirmeleitfihigkeit und derjenigen der Wirmeausdehnung. Aus 
Messungen an Polyvinylcehlorid folgt, dass die Anisotropie der Wirmeleitung beim 
Erhitzen des Polymeren im gedehnten Zustande auf Temperaturen oberhalb des Glasum- 
wandlungsbereiches fast ungednderet bleibt Man kann daher erwarten, dass auch 
gedehnte Elastomere eine Anisotropie der Wirmeleitfaihigkeit besitzen werden. Mes- 
sungen an einigen gedehnten Elastomeren senkrecht zur Dehnungsrichtung zeigten, dass 


gedehnte Elastomere mit stark polaren Seitengruppen einen betriichtlichen Betrag an 
Anisotropie besitzen, wihrend aliphatische Polymere wie Naturkautschuk und Polyiso- 


butylen keine bemerkenswerten Effekte aufweisen 
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Thermogravimetry of Polymer Pyrolysis Kinetics 


HUGH C. ANDERSON, Chemistry Research De partment, U.S. Naval 
Ordnance Laboratory, Silver Spi ing, Maryland 


Synopsis 


Two thermogravimetric methods were developed to show whether rate of weight loss 
varies with extent of pyrolysis of a polymer. The first of these, a kinetic technique, in 
volves obtaining (at various degrees of degradation) the activation energy, the order of 
decomposition, and the Arrhenius preexponential factor by solving three simultaneous 
equations. The data for these equations are obtained by performing three thermogravi 
metric experiments at three constant heating rates. The second method, which involves 
cycling the polymer between 25°C. and a fixed higher temperature, is based on the com 
pound interest law. If the rate of weight loss changes with extent of decomposition, the 
experimental points deviate from the theoretical curve; if the rate does not vary, the 
experimental points coincide with the curve. Both techniques show that the rate of 
weight loss does not change appreciably with degree of pyrolysis of Teflon 
mer of tetrafluoroethylene and hexafluoropropylene, these methods show that rate of 


For Af opt rly - 
weight loss does vary with degree of pyrolysis 


If a polymer is decomposed to an extent of 10°; (as determined by weight 
loss), the structure of the residue may be different from that of the original 
material. Then, if the residue is decomposed another 10°%, the structure 
of this second residue could be different from those of the original polymer 
and of the first residue. This is shown more clearly in Figure 1. These 
changes in structure can alter the mechanism and rate of decomposition 
as the material is further pyrolyzed. Since the usual thermogravimetric 
method'? yields rates averaged over wide degradation ranges, it may fail 
to reveal rate changes due to modifications in the structure of the residue 

The purpose of the work described herein was to develop methods to 
indicate whether the rate of decomposition changes as the polymer is pyro- 
lyzed. The first of these, a kinetic method, was possible because of our 
ability to perform thermogravimetric experiments at various constant heat- 
ing rates. Based upon the use of three heating rates, an equation was de- 
rived for calculating the activation energy, the order of decomposition, and 
the Arrhenius pre-exponential factor. For the second approach, an equa- 
tion based on a modification of the compound interest law’ was derived. _ It 
was then possible to use a thermogravimetric cycling procedure to show if 
rate of decomposition changes with extent of pyrolysis. These two tech- 
niques were applied to polytetrafluoroethylene (DuPont’s Teflon 5) and 
a FEP copolymer (DuPont’s Teflon 100) of tetrafluoroethylene and hexa- 
fluoropropylene. 
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Fig. 1. Possible changes in structure as a polymer pyrolyzes. 





Theoretical 












For the kinetic method, eq. (4) was derived by combining eqs. (1)—(3) 
and multiplying the left side of the resulting equation by d7/dT and taking 









the logarithm: 
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where @ = initial number of moles of sample; 2 = number of moles lost at 

temperature 7’ (°IX.); w; = initial weight of sample; w = weight lost at 






temperature 7’; EL = activation energy; n = order of decomposition; and 
A Arrhenius pre-exponential factor. In order to solve for the three 
kinetic parameters (47, n, and A), data are required for three simultaneous 
equations. Since rate of weight loss and heating rate are dynamic proc- 
esses, weight-loss curves will shift along the temperature axis (I’ig. 2) 
when obtained at different constant heating rates. With three such 
curves, all the necessary data become available for the required solution. 








The thermogravimetric cycling experiments for the second method were 
When a polymer is decomposed 





performed on the following assumption. 
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Fig. 3. Hypothetical thermogravimetric cycling curve 
; ’ 
partially by repeated cycling between 25°C. and a fixed higher tempera 
ture W,/W, for each cycle should follow a curve of W,, W, = (1 — W/W) 
in which W weight of polymer remaining after cycle 1/7; W initial 
weight; and W = weight loss during the first eyele (lig. 3). 


Experimental 


igure 4 shows a modification of the weighing chamber for the thermo- 
gravimetric apparatus described previously.*° Approximately 9 to 11.5 
mg. samples of 100-mesh Teflon 5 and Teflon 100 powder were pyrolyzed 
at a pressure of | X 10-* mm. Hg. The heating rates were controlled to 
within + 10%. Precision of the weight-loss measurements was +0.02 
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Fig. 4. Thermogravimetric experimental arrangement. 


mg., and the temperature was measured to +0.5°C. Heating rates of 1, 
2, and 4°C./min. between 25 and 620°C. were used for the kinetic experi- 
ments. For the cycling experiments, the theoretical curves in Figure 7 
were obtained by heating the polymer for the first time at a rate of 4°C./ 
min. up to the temperatures indicated. The fractional weight remaining 
(W,/W,) was then calculated by assuming the initial fractional weight-loss 
to be constant. For these experiments, W/W, was 0.11 + 0.01. 


Results and Discussion 
A. Kinetic Experiments 


Data necessary for solving for EF, n, and A were obtained from typical 
curves for Teflon 5 (Fig. 5) and Teflon 100 (Fig. 6). An IBM 7090 com- 
puter was used to solve the simultaneous equations, and the Gauss reduc- 
tion method® was used to spot check the results. The calculated kinetic 
values are given in Table I for Teflon 5 and in Table II for Teflon 100. 

That the kinetic values in Table I do not differ appreciably for various 
fractions of weight loss indicates that the rate of degradation of Teflon 
5 does not change with degree of pyrolysis. These results agree with the 
following generally proposed mechanism? of Teflon pyrolysis. Initiation 
occurs by random splitting of a C—C bond into a pair of free radicals. 
These radicals remain in the vicinity of the site where they are formed 
and depropagate by stepwise ejection of monomer molecules from the 
radical ends. Monomer then diffuses rapidly away from the reaction site 
in vacuum pyrolysis. The results also show that the rate of decomposition 
is independent of the molecular weight of the polymer. 
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TABLE I 
Kinetic Values for Pyrolysis of Teflon 5 Homopolymer 


W/W; E (keal. )» n* A (1/min.) 10> 


0. 77 00 
0.: 78 00 
0.; 00 
0. 99 
0.! 02 
0.6 8 00 
0.7 S 01 
0.8 01 
0.5 ae 07 


wm OS OS OO em OO OOO OO 


00 GO 53 OO 00 5a 9 


Average 77.0 01 
Madorsky’ 80.5 0 
Siegle® 83.0 0 
Anderson® 75.0 + 4 .02 + 0.07 
Doyle” 67.0 si _ 


* Kach group of values for £, n, and A is the average of three determinations. Maxi- 
mum average deviations were: #, +7°%; n, +10°%; and A, +20%. 
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Curves in Figure 6 and kinetic values in Table II indicate that there are 
at least two stages in the decomposition of Teflon 100 copolymer. The 
initial stage of decomposition suggests a lower stability of chain segments 
containing hexafluoropropylene units. Wall'! reported that a similar 
copolymer produced less light volatiles than pure Teflon; 75 to 84% as 
compared to about 95% for the latter. The main components of these 
volatiles were C3I’s and C2I*s, C3I’s being more abundant in the early stages 
of pyrolysis. At 10% degradation, the light volatiles contained 85% 
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Fig. 5. Thermogravimetry of polytetrafluoroethylene 
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TABLE II 
Kinetic Values for Pyrolysis of Teflon 100 Copolymer 





W/W, E (keal)* n* A(1/min.) 10-1 


0.1 34.8 0.93 0.0004 
0.2 44. 0.88 0.1 
0.3 0.91 222 .0 
0.4 55.6 0.90 48 .0 
0.5 48 .° 1.00 4.0 
0.6 42.. 1.09 1.0 


Average 48 .0 0.95 46.0 
Wall"! 55.0 1.0 6.0 





* Each group of values for £, n, and A is the average of three determinations. Maxi- 
mum average deviations were: EF, +5%; n, 10%; and A, 15%. 


C.F, and 9% C2ky, whereas at 92% decomposition, the volatiles contained 
19% CF. and 68% Cok’. 


B. Cycling Experiments 


The average results of the cycling experiments are shown in Figure 7. 
The close agreement between the experimental point and the theoretical 
curve for Teflon indicates further that the rate of weight loss does not 
change appreciably with degree of decomposition. For the early stages 
of degradation of the copolymer, the large deviations of the experimental 
points from the theoretical curve show a definite change in rate of weight 
loss with increasing decomposition. In fact, after the third cycle, W,/W, 
remained constant through two additional 500°C. cycles. For the second 
stage‘of degradation, the deviations of the experimental values of W,/W, 
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Fig. 7. Thermogravimetric cycling curves. 


from the hypothetical curve are not as great as they were for the first 
step. The hypothetical curve for the second stage of decomposition was 
obtained by taking the amount of polymer remaining after the fifth cycle 
in the first stage as the initial weight (W,). 


Conclusions 


Either the kinetic or cycling experiment can be used to tell whether the 
rate of weight loss varies with extent of pyrolysis. The latter method is 
preferred for this purpose because it is much simpler. The kinetic method 
can then be used to obtain precise kinetic data at selected extents of py- 
rolysis. 

The author wishes to thank Drs. F. Daniels (University of Wisconsin), E. 8. Freeman 
(Picatinny Arsenal), and W. J. Bailey (University of Maryland) for their advice con- 
cerning t'-is work. 
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Résumé 


Deux méthodes thermogravimétriques ont été développ¢ées pour vérifier si la vitesse 
de perte de poids variait en fonction du degré d’avancement de la pyrolyse d’un poly- 
mére. La premiére de celle-ci, une technique cinétique, demande qu l’on détermine (A 
différents degrés de dégradation) l’énergie d’activation, l’ordre de la décomposition et le 
facteur d’Arrhénius pré-exponentiel en, résolvant trois équations combinées. Les don- 
nées pour ces équations sont obtenues en exécutant trois expériences thermogravimétri- 
ques A des vitesses de chauffage constantes. La seconde méthode, qui inclut la cyclisa- 
tion du polymére entre 25°C et une température plus haute fixte d’avance, est baste 
sur la loi de l’intérét composé. Si la vitesse de la perte de poids change suivant le degre 
de décomposition, les points expérimentaux, dévient de la courbe théorique; si la vitesse 
ne varie pas, les points expérimentaux coincident avec la courbe. Les deux techniques 
montrent que la vitesse de la perte de poids ne change pas fort avec le degré de pyrolyse 
du Téflon. Pour un copolymére du tétrafluoroéthyléne et de l’hexafluoropropyléne, les 
deux méthodes montrent que la vitesse de la perte de poids varie avec le degré de py- 


rolyse. 


Zusammenfassung 


Zwei thermogravimetrische Methoden wurden entwickelt, um zu kliren, ob die 
Geschwindigkeit des Gewichtsverlustes vom Ausmass der Pyrolyse eines Polymeren 
abhingt. Beim ersten Verfahren, einer kinetischen Methode, wird durch Lésung drier 


Simultangleichungen die Aktivierungsenergie, die Ordnung der Zersetzung und der pre- 
exponentielle Arrheniusfaktor (bei verschiedenen Abbaugraden) erhalten. Die Daten 
fiir diese Gleichungen wurden aus drei thermogravimetrischen Versuchen bei drei kon- 
stanten Erhitzungsgeschwindigkeit-n erhalten. Die zweite Methode beruht aif der 
Durchfiihrung eines Temperaturzyklus mit dem Polymeren zwischen 25°C und einer 
festgelegten héhen Temperatur und dem “compound interest’’-Gesetz. Bei Anderung 
der Geschwindigkeit des Gewichtsverlustes mit dem Ausmass der Zersetzung weichen 
die experimentellen Punkte von der theoretischen Kurve ab; bei Unabhingigkeit der 
Geschwindigkeit fallen die experimentellen Punkte mit der Kurve zusammen. Beide 
Methoden zeigen, dass die Geschwindigkeit des Gewichtsverlustes nicht wesentlich vom 
Pyrolysegrad von Tefion abhingt. Hingegen zeigen die Methoden bei einem Copoly- 
meren von Tetrafluorithylen und Hexafluoropropylen eine Abhiangigkeit der Ge- 
schwindigkeit des Gewichtsverlustes von Pyrolysegrad. 





JOURNAL OF POLYMER SCIENCE: PART C NO. 6, PP. 183-195 


Kinetics of Thermal Degradation of Char-Forming 
Plastics from Thermogravimetry. Application 
to a Phenolic Plastic 


HENRY L. FRIEDMAN, Space Sciences Laboratory, Missile and Space 
Division, General Electric Company, Valley Forge Space Technology Center, 
King-of-Prussia, Pennsylvania 


Synopsis 


A technique was devised for obtaining rate laws and kinetic parameters which describe 
the thermal degradation of plastics from TGA data. The method is based on the inter- 
comparison of experiments which were performed at different linear rates of heating. By 
this method it is possible to determine the activation energy of certain processes without 
knowing the form of the kinetic equation. This technique was applied to fiberglass-re- 
inforeed CTL 91-LD phenolic resin, where the rate law — (1/we)(dw/di) = 10% 
e~55,000/RT I(y — w,)/wo]’, nr.—1, was found to apply to a major part of the degrada- 
tion. The equation was successfully tested by several techniques, including a comparison 
with constant temperature data that were available in the literature. The activation 
energy was thought to be correct within 10 keal. 


Introduction 


Kinetics of thermal degradation of solids have been evaluated from 
thermogravimetric analysis (TGA) at linear rates of temperature rise in 
a number of studies. van Krevelen, van Heerden, and Huntjens' studied 
the decomposition of coal. Freeman and Carroll* investigated the deg- 
radation of calcium oxalate monohydrate. Their technique was applied 
to the decomposition of a styrenated polyester by Anderson and Freeman,’ 
and was modified by the same authors‘ for polystyrene and polyethylene. 
Doyle’ studied the degradation of a large number of plastics. Friedman‘ 
investigated the decomposition of a glass-reinforced phenol-formaldehyde. 
A more sophisticated approach will be used in the present paper than was 
employed for the earlier work. 

In all of the earlier studies, calculations were based on experiments which 
were performed at a single rate of temperature rise. In the present paper, 
kinetic calculations are based on an intercomparison of experiments which 
were carried out at several different rates of temperature rise. 


Experimental 


liberglass-reinforeed CTL 91-LD phenolic resin (a product of Cincinnati 
Testing and Research Laboratory) was used for this study. The laminate 
183 
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Fig. 1. TGA curves of CTL 91-LD phenolic on glass-free basis. 


was prepared from resin-impregnated glass sheets that were supplied by 

U. S. Polymeric Chemicals, Inc. The sheets, which originally consisted 
f 42 wt.-% resin, were B-staged in a 200°F. oven for 1 hr. They were 

a *n cured in a 225°F. press at 100 psi for 15 min., followed by 265°F. 

100 psi for 3 hr. The cured laminate was allowed to cool to room iri 

perature in the press, and was then post-cured in a 265°F. oven for 16 hr. 

In order to prepare TGA samples, the surface layers were split off and 
discarded. The underlying material was converted to thin flakes by end 
milling under liquid nitrogen. The flakes were dried in a desiccator over- 
night, and were further dried by holding the sample in a porcelain crucible 
in the Chevenard thermobalance for 1 hr. at 100°C. just before TGA was 
allowed to commence. Samples lost less than 1% of their original weight 
during the preconditioning period. 

Four 200-mg. samples of the flakes were subjected to TGA at linear 
heating rates of 50, 100, 180, and 360°C./hr. Degradation was carried 
out in a stream of dry nitrogen to maximum temperature of 900°C. After 
TGA was completed, the residue from each test was burned in air at 1000°C. 
until only glass remained. Original resin contents were found to range 
from 35.0 to.36.1 wt.-‘ 

Residual weight fractions of organic material were calculated on a glass- 
free basis, and are shown as a function of temperature in Figure 1. Note 
that the curves are displaced to higher temperatures with increased heating 
rate, as would be predicted from kinetic theory. Rates of weight loss are 
plotted as a function of time and temperature in Figure 2. Rates were 
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Fig. 2. Derivatives of TGA curves. 


measured from enlarged graphs of Figure 1 with a Gerber derivimeter. All 
of the rate curves had the same general shape. Slow weight loss com- 
menced almost immediately and continued to above 300°C. Between 
300 and 400°C., the rate of loss of weight increased as the temperatures 
were elevated, reached a maximum in the vicinity of 500°C., and then de- 
creased for the remainder of the heating period. Inspection of Figure 2 
shows that there are a number of hills and valleys in the rate curves. 
Since they vary markedly from curve to curve, they are thought to be 
caused by scatter of the TGA data rather than indications of changes in 
the degradation process. 

The early weight loss accounted for less than 10% of the total loss, and 
appeared to be associated with a different process. It was, therefore, 
decided to eliminate this portion from the kinetic aralysis. An arbitrary 
initial weight of plastic was chosen from the TGA data at a temperature 
between 300 and 400°C. where examination of the rate curves showed that 
the major weight loss process appeared to begin. Although it was likely 
that the main degradation process started at somewhat lower temperatures, 
and that the early degassing process continued to higher temperatures, it 
was felt that the errors associated with rate measurements would be far 
more serious than errors caused by reasonable estimate of initial weight. 
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Figure 3 shows residual weight fractions of organic material, with the early 





weight loss process eliminated. 










Kinetic Analysis 





The following very general kinetic equation was assumed to hold for this 







material. 






(—1/w»)(dw/dt) = Ae~**/®*f(w/w) (1) 


where w = weight of organic material, w) = original weight of plastic, t = 
time (in hours), A = pre-exponential factor of rate constant (per hour), 
AE = activation energy of rate constant, (in calories/mole), R = gas con- 
stant (1.987 cal./°K. mole), 7’ = absolute temperature, and f(w/wo) = a 
function of the weight of organic material. Taking logarithms of eq. (1) 








gives 







In{(—1/w.)(dw/dt)] = In A + In f (w/w) — AE/RT (2) 








(fw/w») is assumed to be constant for constant values of w/w». This is 
comparable to assuming that the chemistry of the process is independent 
of temperature, and is dependent only on the instantaneous weight of the 
organic material. A dozen values of w/w, were selected, ranging from 
0.675 to 0.950, at equal intervals. Values of (1/w»)(dw/dt) and 7’ were 
determined for each w/w, for each TGA experiment. Plots of In [(—1, 
wy) (dw/dt) | versus 1/T are shown for each value of w/w, in Figure 4. The 
slope of each line is equal to — AE/R, while the intercept is In [Af(w/wp) }. 
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The lines of Figure 4 were obtained from least squares treatments of the 
data. Values of AF and In [Af(w/wo)| are plotted as functions of w/w» in 
Figure 5. AF varies from 50 to 72 keal./mole. The range of variation 
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Fig. 5. Kinetic parameters as a function of sample weight. 
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Fig. 6. Plot of In [Af(w/wo)] as a function of sample weight. 


that is associated with each point represents only the probable error of the 
points based on the least squares treatment. The real errors are larger. 
Note, however, that trends in the values of AF and In [Af(w/wo) | are iden- 
tical. This indicates that a positive error in A, which would maké the 
reaction appear to go faster, is compensated for by a positive error in 
AF, which would tend to make the reaction appear to go slower. Negative 
errors would balance in the reverse way. Thus it appears that the kinetics 
of the overall process are consistent. 

The 12 different AE’s were averaged to give 57.7 kcal. Experimental 
parameters and the AF were substituted in eq. (2) to give 48 values of 
In [Af(w/wo) |. Average values of In [Af(w/wo)] are plotted as a function 
of w/w» in Figure 6. The range associated with each point is the standard 
deviation of the average of four values. The smooth curve in Figure 6 
tended to confirm that the kinetics of the overall process were consistent. 


(fw/we) was assumed to have the form 
f(w/wo) = [(w — wyz)/wo]” (3) 


where w;: = final weight of char and n = kinetic order of the reaction. w — 
w, is a measure of the amount of material which is available for decomposi- 
tion at any instant of time, and is a convenient mathematical form which 
allows the degradation to be completed when all of the original plastic 
is converted to char. Equation (3), or very similar forms, can be derived 
from theory for processes where a solid reactant is converted to a constant 
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ratio of gaseous and solid products. Multiplying both sides of eq. (3) by 
A and taking logarithms yields 


In [Af(w/w)] = In A + nIn [(w — wy) /wo] (4) 


If the assumed form of f(w/1wp) is correct, then a plot of In [Af(w/wo) | versus 
In [(w — wr)/wo] should give a straight line where the slope is n and the 
intercept is In A. This type of plot is shown in Figure 7. A straight line 
resulted for all values of the abscissa below — 1.3 (equivalent to w/w» below 
0.9). The positive deviation at higher weights could be attributed to 
contributions of the early weight loss process. In calculating values of 
(w — we)/wo, it was necessary to assume a value of w;. Examination of 
Figure 3 indicated that decomposition was essentially completed at 


900°C., so the convenient average value of w;/wy = 0.61 was selected. Cal- 


culations based on Figure 7 showed that n = 5.0and A = 5.98 X 10" hr.~'. 


The form of the overall kinetic equation is 
(—1/w)(dw/dt) = k[(w — we)wo}’ 


—AE/RT)., — 
where k = Ae~*”/*"7 hr. -!, 


Tests of the Kinetic Equation 


Three different tests were made on the applicability of eq. (5). The 
first was an examination of Arrhenius plots for the individual runs. /’s 
were calculated from eq. (5) by using the values of the other terms which 
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Fig. 8. Arrhenius plots of the TGA data. 


were calculated earlier in the paper. wr:/wo was assumed to be 0.61 for 
all but the 100°C./hr. run, where the value of 0.59 was employed. Arrhe- 
nius plots of the four runs are shown in Figure 8. The lines are based on 
visual inspection of the data. The AZ’s and A’s which were derived from 
the lines are listed in Table I. Note that the values of k are higher than 


TABLE I 


Kinetic Parameters Calculated by Different Methods 





AE, keal. A, hr.~ 


Arrhe- Second 








Kinetic nius deriva- Kinetic Arrhenius 
Rate, analysis plot tive analysis plot 
°C. /hr. section method _ test section method 
50 Twelve values ranging 46 47 2.63 X 10% 
100 from 50 to 72 keal. 55 66 4.79 & 10" 
180 58 70 5.18 & 108 
360 51 56 9.55 & 101 
Average 57.7 55* 60 5.98 X 10188 


10'8 


* Arrhenius plot average values were calculated from examination of all data in Figure 
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the Arrhenius lines at the lowest temperatures. This is thought to be due 
to the early weight loss process, and is comparable to the deviations from 
linearity in Figure 6. The method of least squares was applied to all the 
data of Figure 8, except for the two lowest temperatures of each TGA run. 
AE was found to be 55 keal., while A is 10" hr.-'. These values will be 
used for all further calculations. 

The second test is based on the fact that at the maximum (—dw/dt), the 
second derivative (—d*w/dt*) is equal to zero. Since the heating rate is 
linear 

dT/dt = p (6) 
where p = heating rate (in °C./hr.). Substituting eq. (6) in eq. (5) and 
rearranging gives 


—dw/dT = (A/pwy)e~**/""(w — wy) (7) 


~ 


Taking derivatives of eq. (7) yields 
—d*w/dT? = (A/p)[(w — ws)/wo]t ce 4"/"* 
[5(dw/dT) + (w — wr)(AE/RT?)| (8) 
For (—d*w/dT?) = 0 at the maximum rate 
5(dw/dT)m + (Wm — wr)(AE/RT,,?) = 0 (9) 


where subscript m refers to maximum rate. Equation (9) may be arranged 
to 


AE = 5RT,,2?(—dw/dT)m/(Wm — Ws) (10) 


The four values of AF which were calculated from eq. (10) are listed in 
Table I. 

The third test was to derive the individual TGA curves from eq. (5). 
Equation (5) was rearranged for integration to give 


w T 
dw A i tae 
sli f - = f e AE RT aT (11) 
wo (W — wy)® pw! J 7% 


where wy) = the arbitrary choice of initial weight of plastic and 7’) = ab- 
solute temperature at wo. 
Integration and solution for w gives 


p> wo(wo — wre) 


, put + 4A(wy — w)4 Te SOfEe Fig IE 4. 


AE [ (° e~ “e~ \ 0-5 
R (f. : di -f * aw) | (12) 


where v = AE/RT and wv = AE/RT». 


w= wy + 
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Fig. 9. Experimental and theoretical TGA curves for the 50°.C/hr heating rate. 


Solutions for the integrals which appear in eq. (12) are tabulated in several 
sources.’* The data of Coulson and Duncanson* were used for this work. 
‘igure 9 shows a typical thermogram that was derived by this technique. 
Note that in the lower temperature range the experimental curve shows a 
higher weight loss than the theoretical curve. This was expected, since 
the kinetic analysis and Arrhenius plots had both shown that the early 
weight loss process continues after temperatures which are greater than 
To. 


Discussion 


The various tests of eq. (5) showed that the kinetic analysis of CTL 
91-LD phenolic degradation that was formulated in this paper is reasonable 
for a large part of the decomposition process. The main deviation between 
experiment and analysis occurred during early degradation, where the 
actual weight loss exceeded the caleulated loss. The earliest weight loss 
ean probably be attributed to desorption of absorbed gases. The resin 
was probably not completely cross-linked at the point where TGA started. 
As heating continued, further cross-linking probably occurred, and further 
weight loss could be attributed to the evolution of some condensation 
products. Since degradation probably started before crosslinking was 
completed, there is probably no simple value for wo, in the way that it was 
used. Examination of Figure 9 shows that a slightly lower wo would make 
the theoretical curve fit the experiment better. It is altogether reasonable, 
when one considers the argument that was presented above, that the 
effective wy be lower than the chosen value. It is also not surprising that the 
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theoretical weight at 900°C. is slightly higher than the experimental figure. 
Adjustments could probably be made in the choice of both wo and wy, so 
that very accurate theoretical TGA curves would result, except for the 
very earliest weight loss processes. 

A fifth-order weight dependence is unusual for polymer degradation. 
Of course, order does not mean the same thing in this type of process as it 
does for a gas or a solution. Since this resin is a highly crosslinked ma- 
terial, it is likely that the high order was associated with a rather complex 
mechanism which occurred in the solid state. Note, however, that a pre- 
exponential factor of about 3 X 10'‘ see.~! and an activation energy of 55 
keal. are not unusual for some thermoplastics. 

Inspection of the low temperature end of the TGA curves showed that 
very low activation energies could be attributed to that part of the de- 
composition. In the earlier kinetic analysis,’ this author studied TGA 
experiments which were performed only at 180°C./hr. on a sample where 
the resin content had not been determined. Since that analysis covered 
temperatures ranging between 404 and 524°C., it is reasonable that an 
activation energy of 15 keal. was calculated. Madorsky and Strauss’ 
investigated the thermal degradation of the non-reinforced phenolic in 
vacuum and at constant temperature. Rate measurements at 7% deg- 
radation at 355 and 380°C. were used by these authors to estimate the 
activation energy of degradation as 18 keal., in agreement with the pre- 
vious study. Nevertheless, the present author feels that the early degra- 
dation should be studied further by methods which would yield re- 
producible rates. 

Madorsky and Strauss carried out a few experiments to comparatively 
high extents of reaction, and it is possible to compare their data with that 
of the present work. ‘Total per cent of volatilization was reported as a 
consequence of heating for a given length of time at 420, 500, and 800°C. 
To compare data, eq. (5) was integrated to give 

Wo(We — We) 


4 d 184—55,000/RT (4. _ ay.\4]0, 25 (13) 
[wo + } x 10 te (Wo Wr) | 


w= w+ 
These workers determined elemental analyses for several samples which 
were pyrolyzed to various extents of decomposition at various tempera- 
tures. After 5 min. of pyrolysis at 1200°C. a residue was produced with 
51.6% of the original sample weight where 99.2% of the residue was carbon. 
Complete conversion to carbon would be expected at a residue weight of 
about 51%. Since the present samples had reached rather constant 
weight after the comparatively lengthy heatings to 900°C., it is likely that 
they had been converted to pure carbon. Elemental chemical analysis of 
these chars would have been desirable. Differences in the w;’s could 
readily be caused by different batches and differences in sample prepara- 
tion. Although eq. (13) ignored early weight loss and wy was defined on 
a different basis than that by which the equation was derived, it was felt 
that the calculation would still be meaningful. wy, is probably the most 
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important parameter for this calculation so long as the extent of reaction 
is great enough for most or all of the early weight loss gases to be evolved. 
The three runs that were chosen seemed to qualify reasonably well on this 
basis. The results of comparison are listed in Table II. The agreement 
between the results is excellent and lends further support to the present 








kinetic analysis. 

The kinetic analysis technique that was employed in this paper has 
several advantages. By its use it was possible to calculate an activation 
energy for the main degradation process without any knowledge of the 
form of the kinetic equation. It was also useful for the purpose of deriving 
a semiempirical rate law, which would be difficult to arrive at by other 
methods. This method could also serve as a check for systems where the 
rate laws seem to be so simple that TGA experiments would only be carried 
out at one rate of heating under normal circumstances. 













TABLE II 
Comparison Between Results of the Present Work with Experiments of 
Madorsky and Straus 














re . ° w/uo 

lemperature, Heating time, se cctaacanle Tatgtegceea tn 
°C: min. Observed Calculated 
420 130 0.84 0.87 
500 30 0.72 0.71 










800 5 0.56 0.54 
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Résumé 






On a mis au point une méthode rélévant les équations de vitesses et les paramétres 
cinétiques qui décrivent la dégradation thermique de plastiques A partir de dennées TGA. 





KINETICS OF THERMAL DEGRADATION 195 


La méthode est basée sur la comparison des expériences obtenues 4 diverses vitesses liné- 
aires d’échauffement Cette méthode permet de déterminer |’énergie d’ activation de cer- 
tains processus, sans en connaitre la forme de |’équation cinétique. On applique cette 
technique 4 la résine phénolique renforcée avec des fibres de verre CTL 91-LD dont 
|’équation de vitesse: — (1/wo)(dw/dt) = 1018 e~55,000 RT '(w — wy)/wo)}5, hr-!, a été 
trouvée appliquable 4 la majorité des dégradations. L’équation a été vérifiée A l’aide de 
plusieurs techniques, y compris une comparaison avec des données d’expériences A tem- 
pérature constante, trouvées dans la littérature. On démontre que l’énergie d’activation 


est correcte 4 moins de 10 keal prés. 
Zusammenfassung 


Kin Verfahren zur Ermittlung der Geschwindigkeitsgesetze und kinetischen Parameter 
beim thermischen Abbau plastischer Stoffe aus TGA-Daten wird angegeben. Das Ver- 
fahren beruht auf dem wechselseitigen Vergleich von Versuchen bei verschiedener lin- 
earer Erhitzungsgeschwindigkeit. Mit dieser Methode kann die Aktivierungsenergie 
gewisser Prozesse ohne Kenntnis der Form der kinetischen Gleichung bestimmt werden. 
Das Verfahren wurde auf glasfaserverstiirktes CTL 91-LD-Phenolharz angewendet, das 
im Hauptteil des Abbaues dem Geschwindigkeitsgesetz —(1/w»)(dw/dt) 1038 
e—55,000/RT (yy — w,)/wo]®, hr~ gehorcht. Die Gleichung konnte mit Erfolg nach mehre- 
ren Methoden iiberpriift und mit Literaturwerten bei konstanter Temperatur verglichen 
werden. Die Aktivierungsenergie diirfte mit einer Genauigkeit von 10 keal korrekt sein 
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Form III to Form II Phase Transition of Polybutene-1 


C. GEACINTOV, R. 8. SCHOTLAND, and R. B. MILES, Research and 
Technical Division, Mobil Chemical Co., Metuchen, New Jersey 


Synopsis 


The Form III to Form II transition of crystalline polybutene-1 at elevated tempera 
ture has been observed by differential thermal analysis (DTA), dilatometry, x-ray dif 
fraction, and photomicrography. DTA thermograms of polybutene-1 in Form III were 
found to exhibit.endotherms at 94°C., and 110°C., corresponding to the transformation 
of Form III and melting of Form II, respectively. The origin of an exothermic peak 
observed at 96°C., is not entirely resolved at the present time. The transition of poly- 
butene-1 in the Form III modification was also studied by x-ray diffraction methods 
It was shown that the intensity of the peak at 26 = 12.1°, corresponding to the Form ITI 
crystalline phase, begins to decrease in size at 88°C., while simultaneously the peak at 
20 = 11.7°, corresponding to the Form II modification, starts to grow. The transforma 
tion is complete at 98°C. The nature of the Form III to Form II transition of poly 
butene-1 is discussed in the paper; two alternative mechanisms are deemed possible: a 
solid-solid transition or a transition involving a short-lived intermediate molten state 


Introduction 


The synthesis of isotactic polybutene-1 was initially reported by Natta 
in 1955. Subsequent structural studies revealed that polybutene-1 
exists in at least three crystalline polymorphic modifications. The char- 
acteristic polymorphism of polybutene-1 is of great theoretical and prac- 
tical interest and it was not surprising therefore, that this polymer has 
become the object of detailed investigations in a number of laboratories 
throughout the world. 

On crystallization from the melt, polybutene-1 assumes a metastable 
tetragonal crystal structure (orm II), which upon standing at room 
temperature and atmospheric pressure, undergoes a crystal-crystal trans 
formation to a stable rhombohedral structure (Form I). The transforma- 
tion of Form II to Form I may be greatly accelerated by the application 
of mechanical stress or pressure, a result which is to be expected on the 
basis of the greater extension® * of the Form I helix as compared to the 
orm IT helix. <A tighter packing of the chains in Form I is therefore 
possible, and this in turn leads to a higher density and improved stability 
of polybutene-1 in the Form I modification. 

More recently a third stable modification of polybutene-1, known as 
orm III, has been isolated by precipitating the polymer from solution. 
The characteristic x-ray diffraction pattern for this modification was 
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published by Zannetti et al.,4 while Danusso and Gianotti> reported on 
the dilatometric and thermodynamic fusion properties of all three modi- 
fications of isotactic polybutene-1. The method used by the latter authors 
did not permit observation of an unusual transition of the Form ITI modi- 
fication of polybutene-1, recently reported by ourselves® and Clampitt 
and Hughes.’ The results presented in the present paper deal with the 
transition of polybutene-1 in Form III to the Form II modification, as ob- 
served by differential thermal analysis (DTA), dilatometry, x-ray dif- 
fraction, and photomicrography. 
Experimental 
Sample Preparation 

Polybutene-1 used-in our research was prepared by the usual Ziegler- 
type catalysis system and had an intrinsic viscosity [yn] = 1.52 at 60°C., 
in n-heptane; this value corresponds to a viscosity-average molecular 
weight of 646,000 as calculated by the Mark-Houwink relationship re- 
ported by Stivala et al. The sample was 96% insoluble in boiling ether 
and the ash content did not exceed 160 ppm. 

As reported earlier, polybutene-1 in the Form III modification can be 
obtained by freeze-drying a dilute benzene solution of the polymer on 
a high vacuum line,® or by precipitating the polymer from benzene solution 
with methanol at room temperature.® Since these techniques result in a 
fluffy or spongy polymer, which does not lend itself well to physical meas- 
urements, the preferred method of sample preparation, was to cast 
films from dilute carbon tetrachloride or toluene solution onto glass plates 
at room temperature. The polymer solutions (5—-20% by weight) were 
spread out on the surface of the glass plates by means of an adjustable 
Gardner Ultra Applicator. After the solvent had evaporated, polybutene-1 
films in Form III of uniform thickness could be peeled off the glass plates 
by immersing the latter in cold water. 

Yet another sample preparation method was to use a dip-coating tech- 
nique in which a glass or metal cylinder is slowly withdrawn from a carbon 
tetrachloride solution of polybutene-1 at room temperature by a '/; rpm 
synchronous motor. This technique allowed us to prepare large sheets 
of polybutene-1 in Form III, of greater thickness than normally possible 
by the casting method. The dip-coating technique makes it possible to 
build up the thickness of the film sample by repeated immersion and 
withdrawal of the cylinder from the polymer solution. It should be 
noted at this point that the solution temperature and concentration is a 
critical factor in the dip-coating method of film preparation. At elevated 
temperature (e.g., 80°C.) polybutene-1 in Form I is obtained directly 


from solution. 
X-Ray Equipment and Methods 


X-ray diffraction measurements were performed using a Philips Wide 
Range X-Ray Diffractometer with nickel-filtered Cu-Ka radiation and 
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a 1°/min. scanning speed. The scattered radiation was detected with 
a proportional counter over a range of 206 = 11-13°. A pulse height 
analyzer was used to decrease the background scatter. The divergence 
slit was 1°, with receiving slit of 0.006 in. and a scatter slit of 1°. 

The heating block used to heat the samples in the x-ray beam was spe- 
cially designed and built in our laboratories. It consists essentially of a 
brass block which was machined to the proper dimensions so that it could 
be attached to the sample holder stage of the x-ray goniometer by means of 
the screws provided for the usual x-ray sample holder spring. The hot- 
stage block was heated by a small heater (Watlow-St. Louis, GIAI3A 
115 V., 55 watt) cannibalized from a DuPont Differential Thermal Ana- 
lyzer unit, which fit snugly into the cavity provided for that purpose. 
The heating rate and temperature of the hot-stage block was controlled 
by a Variac transformer. The block temperature was measured by means 
of a copper-constantan thermocouple inserted into the face of the block 
just under the centerline. The block was insulated on three sides with 
reflecting electrical tape and the temperature could be maintained constant 
with +0.5°C., over the range of interest, i.e., 80—-135°C. 

Calibration of the heating block was achieved by determining the melt- 
ing point of standard compounds at various locations on the surface of the 
heating block. Kofler Hot Bench calibrating substances by Reichert 
(Vienna, Austria) were used for that purpose. As evidenced by the 
simultaneous melting of the test substances at various locations on the 
surface of the block, the temperature was homogeneous over the area 
subjected to x-radiation under actual experimental conditions. A plot 
of emf vs. melting point of four standards (azobenzene: 68°C., benzil: 
95°C., acetanilide: 115°C. and phenacetin: 135°C.), resulted in a 
straight line which was used to determine the temperature of the poly- 
meric material during the transition period. Heat losses from the films un- 
der investigation (3-5 mils in thickness) to the surrounding atmosphere 
could be reduced by covering the films with a 0.005 in. thick beryllium foil 
(from the Brush Beryllium Corporation). 

In all our experiments, the sample was quickly brought to 80—85°C. 
The heating rate was then reduced to 0.2-0.3°C./min. This heating 
rate was maintained in small increments of temperature necessitated by the 
limiting temperature at successive Variac settings. In this manner we 
were able to approximate equilibrium conditions over the temperature 
‘range of interest in which the transformation of Form III to Form II 
takes place. 

DTA: Apparatus Design and Method 

The DTA apparatus, as shown schematically in Figure 1, was a modified 
version of a unit developed by F. L. Finger and H. J. L. Sehuurmans at 
Monsanto Chemical Company. It permits the detection of transition 
phenomena in polymers, as well as the accurate measurement of the tem- 
peratures at which these transitions occur. The equipment consists 
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Fig. 1. Schematic view of the DTA apparatus consisting of (1) furnace block; (B) 
sample cell and thermocouple; (C) reference cell and thermocouple; (D) block tempera- 
ture cell and thermocouple; (2) cooling channel; (/’) asbestos insulation; (@) nichrome 
wire heating element and Variac; amplifier and recorder; and (#/) asbestos tape. 


basically of: (/) sample and reference cells contained within a furnace 
block; (2) thermocouples for measuring the temperature difference be- 
tween the sample and reference material and block temperature: (3) 
a D-C breaker amplifier to amplify the differential signal; (4) a recorder 
to register this signal as a function of time and temperature. 

The furnace block was constructed of aluminum with a diameter of 3 
in. and a length of 5 in. Two symmetrically located wells, 0.247 in. in 
diameter and 2 in. in depth, were drilled into the block to hold the Pyrex 
sample and reference cells. In addition, the block was provided with a 
third well 0.236 in. in diameter and 1*/, in. in depth to accommodate a 
cell used to measure the block temperature. Particular attention was 
directed toward achieving matched sample and reference cells. The 
outside diameters were identical as were the wall thicknesses of */¢ in. 
and both cells fit precisely into the wells of the furnace block. A female 
ground joint on the upper section of all three cells accommodated a cne- 
holed stopper for centering the inserted thermocouple. Proper centering 
of the thermocouples was assured by providing the latter with stainless 
steel sheaths. Calibrated copper-constantan thermocouples of No. 
30 B & S gauge were used as the temperature sensing device. 

Ribbon-type Nichrome wire was wound around the block over a !/s in. 
layer of asbestos, applied as electrical insulation. A Variac regulator 
served to adjust the initial current supplied to the heater circuit. This 
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arrangement precluded linear heating rates over the entire experimental 
temperature range, but reproducible linear rates were nevertheless pos- 
sible over an extended region encompassing the phase transitions. As a 
further precaution, the block was provided with a ground terminal to 
eliminate the influence of induced currents. Finally, the block was 
surrounded by a 2 in. layer of asbestos insulation. One other feature of 
the furnace design was a cooling channel which permitted controlled cooling 
experiments. 

The differential emf generated by the thermal effect was amplified 
through a Keithley Model 149 milli-microvoltmeter capable of a maximum 
full-scale sensitivity of 0.1 ywv., with an output of 10 v. Utilization of 
this sensitivity was limited by noise arising in the external input circuit. 
In practice, it was possible to use 10 yv. full seale sensitivity and with 
proper magnetic shielding of the input circuit, 3 uv. full scale sensitivity. 

The thermocouple signals were registered on a Leeds and Northrup 
Speedomax G two pen recorder; one pen recorded the block temperature 
and the other, the temperature difference between the sample and ref- 
erence cells. 

The thermogram presented in this paper was obtained by tightly wrap- 
ping a 20 mg. Form III polybutene-1 cast film directly around the thermo- 
couple and placing it in the sample cell. The reference cell was loaded 
with an equal amount of powdered glass into which the second thermocouple 
junction was inserted. A linear heating rate of 1.6°C./min. was recorded 
over the temperature range of interest. The thermal effect was sufficiently 
large so that a 30 wv. full-seale sensitivity was employed. It was pos- 
sible to reproduce the above transitions to within +0.5°C. for samples 
having identical thermal histories. 


Dilatometry 


Dilatometric measurements were performed using a modified Kovacs 
apparatus.? A l-mm. ID capillary was used and the total inner volume 
of the dilatometer was 17 em.*. A 2.5 g. cast film sample was placed in 
the bulb, and the dilatometer was assembled. After attaching the ap- 
paratus to a high vacuum system and evacuating it to a pressure of 10 
mm. for about '/: hr., it was filled with freshly distilled instrument grade 
mercury under vacuum. A heating rate of 0.2°C./min. was employed 
between 25 and 92°C. Between 92 and 130°C. a rate of 0.1°/min. was 
used. Polymer specific volumes at temperatures corresponding to the 
melt could be reproduced to within +0.0005 cm.*/g. Transition temper- 
atures were found to be reproducible for samples having identical thermal 
histories. 


Results and Discussion 


A representative thermogram of the orm III to Form II transition of 


polybutene-1 is shown in Figure 2. The first endotherm at 94°C. can be 
attributed to the Form III modification of polybutene-1; the second 





C. GEACINTOV, R. 8. SCHLOTLAND, AND R. B. MILES 


EX OTHERMAL ————» 


Db 
4 





= ENDOTHERMAL 





deitsibinaaitel 


Fig. 2. DTA thermogram of Form HI to Form II phase transition of polybutene -1 (heat- 


ing rate 1.6°C./min. ). 


endotherm at 110°C. is undoubtedly due to melting of the form II mod- 
ification, as shown previously by ourselves® and others.’ The presence 
of a strong exothermic peak at 96°C., which is invariably recorded under 
our experimental conditions, points to the occurrence of an exothermic 
process during the transition of Form III to Form II. The intuitively 
obvious explanation for this phenomenon would be a process in which 
melting is followed by recrystallization. The recrystallization of gutta 
percha” at 64°C., isa classic example of a reaction of this type. 

On the other hand, the transition of Form IIT to Form II may be another 
instance of a first-order crystal-crystal transition in the solid state of the 
type known to occur in 1,4-trans-polybutadiene ;"~"? a DTA thermogram 
of the latter has been published by Dannis.'* Careful examination of 
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Fig. 3. Dilatometric melting curve of polybutene-1 in Form IIT. 


the thermal record trace presented by this author revealed that there 
was no evidence of an exothermic peak accompanying the first-order 
transition known to occur in 1,4,-trans-polybutadiene. We were able 
to confirm the above results on our own apparatus by subjecting a sample 
of 1,4-trans-polybutadiene (prepared by the Phillips Petroleum Company), 
to the exact treatment our polybutene-1 samples were normally subjected. 
This procedure eliminated the possibility of instrumental error on our 
part. On the basis of differential thermal analysis results only, it was 
therefore reasonable to assume that the Form III. to Form II transition 
of polybutene-1 differs from the transition known to occur in 1,4-trans- 
polybutadiene. 

We sought to verify our observation by a number of different methods. 
For example, further confirmation of the Form III to Form II transition 
was provided by the specific volume versus temperature curves measured 
dilatometrically. A melting curve (Fig. 3) with two distinct breaks at 
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103 and 115°C. was obtained. These breaks correspond to the transition 
of Form III to Form IL, and Form II to the melt, respectively. The melting 
transition corresponding to 115°C. was identified as that of Form IL. 
Confirmation of this fact was obtained from additional specific volume- 
temperature data of polybutene-l freshly crystallized from the melt 
(cooling rate 0.1°/min. with a heating cycle identical to that described 
above). The melting points derived from the peak maxima of the dif- 
ferential thermal method were necessarily lower than those obtained by 
dilatometrie methods. While the latter technique measures the highest 
temperature required to melt the largest crystals of the sample, the tem- 
perature of the peak maxima by DTA are determined by the heat flow 
into the sample cell as well as the absorption of heat required for fusion 
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Fig. 4. X-ray diffraction pattern of polybutene-1 Form III to Form IT phase transition. 


of the erystalline material. To determine melting temperatures which 
are of thermodynamic significance, it is necessary to employ slow heating 
rates, so that sufficient time is allowed for the formation of the more per- 
fect. crystallites. The dilatometric heating rate of 0.2°C./min. was 
deemed sufficient for that purpose, thereby leading to higher melting points 
than those observed by DTA methods. Similar behavior has been noted 
with many other polymers studied in the past. 

If melting followed by reerystallization is inherent to the Form III to 
Form IT transition process, then it would be expected that the dilatometric 
(specific volume-temperature) curve would exhibit a minimum, cor- 
responding to the recrystallization process, as shown by Mandelkern 
et al.'° for the case of gutta percha. However, the dilatometric curve 
which we have obtained for the Form III to Form II transition of poly- 
butene-1 (Fig. 3) failed to exhibit a minimum. In fact, our curve is 
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somewhat similar to the specific volume-temperature curve for trans- 
tactic polybutadiene published by Natta and Moraglio.'* 

Additional information on the Form III to Form II transition of poly- 
butene-1, was obtained by heating a film sample in the Form III modi- 
fication on the specially designed hot-stage, described in the experimental 
section, which was mounted on an x-ray diffraction unit. The hot-stage 
temperature could be controlled with great accuracy. We were therefore 
able to scan the region between 20 = 11°-13° at any desired temperature, 
thereby enabling us to follow the increase and decrease of the peaks char- 
acteristic of Form III and Form II at 26 = 12.1° and 11.7°, respectively. 
Some characteristic patterns are reproduced in Figure 4. From room 
temperature to 86°C., the peak of Form III at 26 12.1° decreased 
slightly in intensity. The first noticeable change occurs at 88°C., where 
a slight shoulder on the low angle side of the Form III peak was recorded. 
At 89°C., the peak at 26 = 11.7° has grown to the size shown in the second 
pattern of Figure 4. Simultaneously, the peak corresponding to Form 
III decreases in magnitude. At 91°C., both peaks are approximately 
equivalent in size and at 94°C., the peak corresponding to Form III 
has almost disappeared, as shown in Figure 4. The last vestige of this 
peak is lost at 110.8°C. From 98 to 102°C., the peak corresponding to 
Form II grows in size, apparently due to the slow heating process to 
which the polymer is subjected on the hot-stage. Finally, Form II starts 
to melt at 102°C. and all traces of crystallinity have disappeared at a 


temperature of 109°C., when only a completely amorphous pattern is 


recorded. 

As shown by the diffraction patterns of Figure 4, we failed to record any 
increase of the amorphous background during the Form III to Form II 
transition process. This wou'd seem to indicate that there is no inter 
mediate long-lived molten state of polybutene-1 during the transition. 
This assumption was further confirmed by a photomicrographic investiga- 
tion of the Form III to Form II transition of polybutene-1.* Examina- 
tion of the transition with a polarizing hot-stage microscope showed that 
birefringence, and therefore crystallinity disappears only above 115°C. 
This finding is in line with our dilatometric and x-ray results. So far, 
we have been unable to grow polybutene-1 spherulites in Form IIT and are 
therefore unable to observe the change, if any, cf the birefringence orienta- 
tion upon transition of Form III to Form II. The exact nature of the 
transition may become apparent by further study of the x-ray diffraction 
patterns. Extending the scanning range may provide an answer to the 
exothermic peak measured by DTA. 

As far as it is known, the structure of the Form III modification of 
polybutene-1 has not yet been determined and this makes it quite dif- 
ficult of course to offer an explanation for the transition on the basis of a 
physical model. It seems probable that the chains in orm III, whatever 


* This examination was kindly carried out by Dr, M. Nahmmacher of FE. Leitz, Inc., 


New York, New York, 
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their conformation may be, acquire sufficient energy at the transition 
temperature to break interchain cohesive forces over a sufficient length 
of the chain to allow a sudden convolution of a chain segment into the 
11; helix of Form II. Inception of the transition should be facilitated by 
the presence of “defects” in the polymer such as: molecular holes, chain 
ends, trace impurities and the border between crystalline and amorphous 








areas. 
Experimental evidence gathered to date proves beyond doubt that poly- 
butene-1 in the Form II] modification undergoes a transition to the Form 
II modification at elevated temperatures (94 — 103°C., depending upon the 
thermal treatment and experimental method). Although there is con- 
siderable evidence in favor of a solid-solid transition, the presence of an 
exothermal peak in the DTA thermogram may indicate that the transition — 
mechanism involves a short-lived molten state. An exothermal peak, 
however, could also be caused by crystallization of previously amorphous 










regions. 

It is evident from the above, that polybutene-1 has proved to be an 
extremely fascinating subject of scientific investigation and there is little 
doubt that some of the problems remaining at the present time will be 








solved in due course. 
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Résumé 











La transition de la forme III en forme II du polybuténe-1 cristallin 4 temperature 
elevee a &te observee par analyse thermique différentielle (DTA), par dilatométrie, par 
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diffraction aux rayons-X et par microphotographie. On a trouvé que les thermogrammes 
DTA du polybuténe-1 dans la forme III présentent des endothermes 4 94°C et 110°C, ce 
qui correspond respectivement 4 la transformation de la forme II et A la fusion de la- 
forme II. L’origine d’un pic exothermique observé 4 96°C n’a pas encore été entiere- 
ment résolue 4 l’heure actuelle. La transition du polybuténe-1 dans la forme III a 
également été étudite par les méthodes de diffraction aux rayons-X. On a montre que 
Vintensit? du pic 4 26 = 12.1°, correspondant 4 la phase cristalline de la forme ITI, 
commence a diminuer A 88°C, alors que simultanément le pic 4 20 = 11.7°, qui corre- 
spond a la modification de la forme II commence 4 augmenter. La transformation est 
compléte 4 48°C, ‘La nature de la transition du polybuténe-1 de la forme III dans la 
forme II est discutée dans cet article; deux mécanismes différentes semblent étre possi- 
bles: une transition solide-solide ou bien une transition impliquant un intermédiaire de 
courte durée de vie 4 l’état fondu. 


Zusammenfassung 


Die Umwandlung des kristallinen Polybuten-1 bei erhéhter Temperatur von Form II] 
zu Form II wurde mittels Differentialthermoanalyse (DTA), Dilatometrie, Réntgen- 
beugung und Mikrophotographie beobachtet. DTA-thermogramme von Polybuten-1 in 
Form III zeigten Endothermitiiten bei 94°C und 110°C, die der Umwandlung von Form 
III bzw. dem Schmelzen von Form II entsprechen. Der Ursprung eines bei 96°C beo- 
bachteten exothermen Maximums ist zur Zeit noch nicht ganz klar. Die Umwandlung 
von Polybuten-1 in die Form-III-Modifikation wurde auch mit Réntgenbeugungs- 
methoden untersucht. Die Intensitiit der Spitze bei 2@ = 12.1°, die der kristallinen 
Phase der Form II entspricht, beginnt bei 88°C an Grésse abzunehmen, wiihrend 
gleichzeitig die der Form-II-Modifikation entsprechende Spitze bei 20 = 11.7° zu 
wachsen beginnt. Die Umwandlung ist bei 98°C vollstiindig. Die Natur der Umwand- 
Jung des Polybuten-1 von Form III zu Form II wird in der Arbeit diskutiert; zwei 
alternative Mechanismen werden fiir méglich gehalten: eine Fest-Fest-Umwandlung 
oder eine Umwandlung iiber einen kurzlebigen geschmolzenen Zwischenzustand. 
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The Low-Melting Crystalline Modifications of 


Isotactic Polybutene-1 


H. W. HOLDEN, Central Research Laboratory, Canadian Industries 
Limited, McAMasterville, Quebec, Canada 


Synopsis 
The effect of annealing on the low-melting crystalline modification (III) of isotactic 
polybutene-1 has been studied by differential thermal analysis. The extrapolated 
equilibrium melting point of modification III is estimated to be 109.1°C. with 50% 
confidence limits at 108.0° and 110.6°C. In the temperature range where annealing 
effects are observed, conditions are suitable for the simultaneous formation, in the par- 
tially melted sample, of modification II and more highly ordered modification III. 


Isotactic polybutene-1 has been studied in its various crystalline modifi- 
cations by differential thermal analysis (DTA), using the same apparatus 
and techniques described elsewhere! in this symposium. It has been found 
that the modification III (obtained as a precipitate from solution) can be 
annealed to produce much more highly ordered crystals of the same modifi- 
cation. The well-defined relation between annealing temperature and 
melting-peak temperature yields an extrapolated value for the equilibrium 
melting point of 109.1°C. The result is an illustration of a successful use 
of DTA, where dilatometric measurements on the pure polymer break down 
because of concurrent formation of modification II]. Figure 1 is a graphical 
summary of results obtained for modification III and partial results for 
modification II. The graph is constructed as described in detail in refer- 
ence 1. 

The theory of Hoffman and Weeks? predicts the linear relationship be- 
tween crystallization temperature 7’, and melting temperature 7’,,, from 
which the equilibrium melting temperature 7’,,° is determined by the con- 
dition 7,° = T,,°. On the assumption that the straight line relation is 
valid, the least-squares fit of the nine points gives the equation: 7, 
24.8; — 0.772 T,. Because of the difficult extrapolation, it is necessary to 
evaluate the experimental reliability of the result. Values of 7';,, and 
confidence limits for the average value of 7’, were computed for a series of 
values of 7, near 7,° (= T,,°); lines for these upper and lower confidence 
limits were plotted to obtain graphical solutions with the line 7, = T'p». 
For 50% confidence limits, the values obtained were 108.0 and 110.6°C.; 
for 95% limits they were 106.0 and 115.5°C. 

Danusso and Gianotti* have estimated 7',,° to be 106.5°C., using the 
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Fig. 1. Isotactic polybutene-1: Relation between conditioning temperature and 
melting temperature for two crystalline modifications. Modification I]: (@) crystallites 
obtained by uniform (3°C./min.) cooling of melt; exothermic process, first detectable 
at 95°C., reaches maximum at 90°C.; examples are included where solid has subse- 
quently been annealed near melting temperature. (©) Crystallites obtained by iso- 
thermal crystallization at 101.2°C.; (+) erystallites obtained by conversion of modifica- 
tion III at temperatures determined by melting of modification IIL. Modification IIT: 
horizontal line is drawn at melting peak temperature of sample as prepared by solution 
precipitation; (O) crystallites obtained by annealing of starting material at tempera- 


tures indicated 


Flory equation for the melting points of polymer solvent mixtures.‘ The 
discrepancy of 2.6° between the two determinations, could fully be ac- 
counted for by overlap in error limits or by differences in tacticity. Diffi- 
culty in attaining equilibrium conditions at the final melting point of poly- 
mer solvent mixtures could give a low bias to the estimate of 7' 

(An exothermic extremum observed immediately after the melting endo- 
therm of modification III is quite reasonably attributed to crystallization 
of modification II from the melt. An interesting feature is that the proc- 
ess is correspondingly delayed in the annealed samples until the modifica - 
tion III has melted, at considerably higher temperatures. A systematic 
variation in- melting-peak temperature of modification II is observed with 
the variation in the temperature of the crystallization extremum. _Iso- 


) 


m* 


thermal crystallization of a melt previously conditioned at high temperature 
was observed to proceed at a much slower rate at 101.2°C. than the corre- 


sponding process after melting of modification II]. The weight of evi- 
dence favors the following explanation. Since during annealing of modi- 
fication III small melt domains form at a temperature where primary nu- 
cleation of modification II is fast, there will be a competition for formation 
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of the two crystalline forms from the melt. When the sample is maintained 
at the annealing temperature for less than four minutes and then quenched, 
low melting crystallites of modification III can be obtained; during a 
longer annealing cycle it appears that all melt formed is converted to either 
type II or high-melting type III crystallites. This is confirmed by leav- 
ing the conditioned sample for several days to permit spontaneous trans- 
formation of some of the type li form to type I.°° The resulting thermo- 
gram has melting peaks for each of the three known modifications, as well as 
the exothermic signal for crystallization of some modification IT. 

A similar study of the temperature range near the melting point of 
modification II is unlikely to lead to reliable estimates of the equilibrium 
melting point. Spontaneous nucleation and persistence of modification | 
during various stages of the conditioning cycle are thought to be the main 
sources of scatter of results. There is, however, a general indication that 
T° would exceed the estimate of 124°C. reported by Danusso and Gia- 
notti.® 

We wish to thank Dr. A. W. Birley, Plastics Division of Imperial Chemical Industries 
Limited, for supplying the polybutene sample to this laboratory. 
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Résumé 


On a étudié par analyse différentielle thermique, l’effet de recuit sur les modifications 
(III) cristalline de polybuténe-1 de faible point de fusion. On estime que le point 
d’équilibre de la modification (IIL) obtenu par extrapolation est de 109.1°C avee des 
limites de validite de 50°) entre 108.0 et 110.6°C. Dans le domaine de température ot 
les effets de recuit sont observés, les conditions sont favorables pour la formation simul 
tanée dans un échantillon partiellement fondu de la modification I, et de la modification 


III plus fortement ordonnées. 


Zus2mmenfassung 


Der Kinfluss des Temperns auf die niedrigschmelzende kristalline Modifikation (III 
von isotaktischem Polybuten-1 wurde mittels Differentialthermoanalyse untersucht 
Der extrapolierte Gleichgewichtsschmelzpunkt von Modifikation III wird zu 109,1°C 
mit 50°, Konfidenzlimit bei 108,0 und 110,6°C bestimmt. Im Temperaturbereich, in 
welchem Temperungseffekte beobachtet werden, bestehen geeignete Bedingungen fiir 
die gleichzeitige Bildung von Modifikation I] und der héher geordneten Modifikation 


IIT in der teilweise geschmolzenen Probe 
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